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SUMMARY 
Reservoirs generally have a limited life span due to sedimentation. The replacement of lost storage 
capacity is a worldwide problem and the need therefore exists to limit reservoir sedimentation as much 
as possible. 
The hydraulics of reservoir sedimentation has been studied in this dissertation. Since sediment 
transporting capacity is the dominant parameter in determining both sediment deposition and re-
entrainment patterns, the theoretical analysis of turbulent suspended sediment and density current 
sediment transport processes has been studied in detail. The stream power theory provides the basis 
for accurate descriptions of all the hydraulic processes involved in reservoir sedimentation. 
Key theoretical developments and findings from the study are: 
• A new sediment transport equation has been derived, based on applied stream power. 
Calibration and verification with laboratory, river and reservoir data has been carried out 
successfully. The new total load equation provides the interrelationship between sediment 
concentration, energy dissipation and bed roughness in the lower and upper flow regimes. 
Comparison of the prediction accuracy of the new sediment transport equation with other 
generally used equations, indicates a high degree of accuracy. 
• A new bed roughness predictor has been developed, based on the new sediment transport 
equation. 
• Non-uniform sediment transport processes and reservoir sediment deposition patterns were 
evaluated and found to be important as the sorting process is interrelated with re-entrainment, 
consolidation, cohesion etc. 
• Non-equilibrium sediment transport of fine sediment was found to be very important in the 
accurate description of deposition processes. A new methodology, calibrated with canal and 
reservoir data, has been developed. 
• The density current velocity, shear stress and suspended sediment distributions were described 
theoretically in terms of stream power principles. A mathematical expression for the layer 
thickness of a density current was calibrated with laboratory and field data. 
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• Sediment transport by means of density currents was verified with Chinese and South African 
reservoir data. 
• The formation of a density current can be predicted in terms of the minimum stream power 
concept. Verification with laboratory data was successful. 
• Density current velocities were described by using a Chezy type equation, which was 
calibrated with laboratory data. 
• Densities of sediment deposits and consolidation of fine sediments were described by means 
of a new method, by combining the methods of Miller (1953) and Rooseboom (1975), as well 
as by incorporating an effective time approach to predict consolidation with variable sediment 
yield/deposition or erosion/re-entrainment rates. 
• Width-depth relationships for South African reservoir flushing channels were found to be 
similar to those in China. 
• Critical conditions for mass erosion of cohesive sediments can be related to shear strength, 
sediment density and clay content. 
• By combining the theory in an existing mathematical model (MIKE, 11), it is possible to model 
reservoir sedimentation comprehensively. Calibration and verification of the model for flood 
flushing at Welbedacht Reservoir were carried out successfally. Long-term sustainable 
reservoir capacities were also determined for changed reservoir operation rules and modified 
outlets. 
• A database on reservoir sediment transport through a number of South African reservoirs was 
. established. The data were obtained under conditions of flushing, sluicing and storage 
operation, while density current data were also gathered. 
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OPSOMMING 
Damme het 'n beperkte leeftyd as gevolg van toeslikldng wat 'n wereldwye probleem skep. Daar 
bestaan dus die behoefte om damtoeslikldng te beperk. 
Die hidroulika van damtoeslikldng is {n hierdie proejskrij bestudeer, met die Idem op sedimentvervoer 
aangesien dit die dominante jaktor is in damtoeslikldngprosesse. Turbulente gesuspendeerde 
sedimentvervoer sowel as digtheidstroming sedimentvervoer-prosesse is in detail ondersoek. Die 
stroomdrywingteorie vorm die basis vir die akkurate beskrywing van hidrouliese prosesse betrokke by 
damtoeslikldng. 
Die hoojresultate van die navorsing is: 
• 'n Nuwe sedimentvervoerformule, gebaseer op aangewende stroomdrywing, is ontwikkel. 
Kalibrasie en stawing met laboratorium-, rivier- en damdata is suksesvol uitgevoer. Die nuwe 
sedimentvervoerjormule beskryj die verwantskap tussen sedimentkonsentrasie, 
energiedissipering en bodemruheid, beide vir laer en hol!r vloeiregimes. Vergelyking van die 
akkuraatheid van die nuwe vergelyking met die van ander algemeen gebruikte vergelykings, 
dui op die hol! relatiewe betroubaarheid. 
• 'n Nuwe bodemruheidvergelyking is ontwikkel wat op die nuwe sedimentvervoervergelyking 
gebaseer is. 
• Nie-uniforme sediment-vervoerprosesse en sediment neerlating-prosesse is ontleed. Die 
belangrikheid van nie-uniforme sediment-vervoer en die verwantskap met sediment-kohesie, 
konsolidasie, uitskuring, ens. is bevestig. 
• Nie-ewewigs sedimentvervoer van fyn sediment is ondersoek en het geblyk om baie belangrik 
in die akkurate beskrywing van sedimentneerlatingprosesse in damme te wees. 'n Nuwe 
met ode is ontwikkel om nie-ewewigs sedimentvervoer te beskryj wat gekalibreer is met kanaal-
en damdata. 
• Die vloeisnelheid, sleurspanning en gesuspendeerde vertikale sedimentkonsentrasie 
verspreidings van 'n digtheidstroom is teoreties beskryj met stroomdrywingbeginsels. Die 
wiskundige beskrywing van diktes van digtheidstrome is met laboratorium- en damdata 
bevestig. 
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• Sedimentvervoer in digtheidstrome is met Chinese en Suid-Afrikaanse damdata geverifieer. 
• Die vorming van 'n dighteidstroom kan beskryj word volgens die beginsel van minimum 
stroomdrywing, soos gestaajmet laboratoriumdata. 
• Digtheidstrome se vloeisnelhede is beskryj met 'n Chezy-tipe vergelyldng en gekalibreer met 
laboratoriumdata. 
• Digthede en die konsolidasie vanfyn sediment ajsettings is beskryj met 'n nuwe metode soos 
ontwikkel uit die metodes van Miller (1953) en Rooseboom (1975). 'n Ejfektiewe tydskaal is 
ook gebruik om konsolidasie te voorspel met wisselende sedimentleweringlsedimentneerlating 
en erosie!uitskuringtempo 's. 
• Wydte-diepte-verhoudings vir Suid-Afrikaanse dam spoelkanale het ooreengestem met 
soortgelyke data vir Chinese damme. 
• Kritiese toestande vir massa-uitskuring van kohesiewe sediment is in verband gebring met 
sediment-skeursterkte, - digtheid en -ldei-inhoud. 
• Die teorie is saamgevoeg in 'n bestaande rekenaarmodel (MIKE 11) wat dit moontlik maak 
om verskeie aspekte van damtoeslikking saam te ondersoek. Kalibrasie en stawing van die 
model is suksesvol uitgevoer vir sediment spoeling uit Welbedachtdam tydens vloedtoestande. 
Langtermyn damkapasiteite wat behou kan word onder veranderde bedryfstoestande en met 
aangepaste damuitlate is ook ontleed. 
• 'n Databasis vir sedimentvervoer deur damkomme is opgebou wat versldllende bedryjs- en 
vloedtoestande insluit. 
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Sluicing 
Sluicing is an operational technique whereby sediment-laden inflows are released through a reservoir 
before the sediment particles can settle, thereby reducing the sediment trap efficiency of the reservoir. 
Flushing 
Flushing during floods, or high flow periods during the rainy season, with water level drawdown, 
is used to re-entrain previously deposited sediments and to remove these sediments from the reservoir 
via (large) bottom outlets. 
Density Current 
Density currents associated with suspended sediment transport may develop under special conditions. 
A density current consists of the movement of a fluid, of higher density, underneath a fluid of lower 
density, through a reservoir. 
Retrogressive erosion 
During water level drawdown flood flushing, when critiCal conditions for mass erosion are exceeded, 
sediment is scoured and a flushing channel is eroded in an upstream direction, starting at the dam. 
The frontset slope within this channel is reduced to the original river bed slope under ideal conditions. 
Turbulent transport 
Transportation of sediment through turbulent suspension in open channel flow. 
Reservoir trap efficiency 
That percentage of the average sediment load which enters a reservoir that is trapped within the 
reservoir. 
Colloidal sediment transport 
Very small sediment particles which are electrically charged are kept in suspension due to these 
charges. 
Sediment 
Elements with higher densities than that of the transporting medium which can be entrained and 
transported by the given transporting medium. 
2071H/1w 
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1. INTRODUCTION 
1.1 The domain of this dissertation 
This dissertation addresses the hydraulics of reservoir sedimentation. Sediment transport is 
the dominant parameter in reservoir sedimentation processes and is analysed in detail. 
Turbulent suspended sediment and density current sediment transport have been identified as 
the main sediment transport processes through reservoirs. Related to turbulent sediment 
transport is the description of bed roughness for different flow regimes and energy 
dissipation. 
Non-uniform sediment transport and its importance in the sediment sorting process during 
sediment deposition processes is analysed. Non-equilibrium sediment transport of fine 
sediments is evaluated and calibrated with data. 
Apart from depositional processes normally encountered in reservoir sedimentation, the 
hydraulics of sediment re-entrainment is analysed for non-cohesive and cohesive sediments · 
including surface and mass erosion. The flood flushing channel shape determines the 
long-term reservoir capacity and the critical condition for mass erosion is used to describe the 
depth of scour. Width-depth relationships for the flushing channel are also evaluated. 
Sediment density and consolidation are addressed for variable rates of sediment deposition and 
re-entrainment. 
The vertical distribution of velocity, shear stress and sediment concentration of a density 
current are described mathematically. The formation of a density current, its velocity, 
sediment transport and venting through a dam, are analysed. 
By integrating the various sedimentation processes in a mathematical model, the hydraulics 
of reservoir sedimentation can be evaluated comprehensively. 
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1.2 History of dam development and reservoir sedimentation 
Water development through the construction of dams or weirs to regulate or divert river flows 
has been with us since the ancient civilisations before the time of Christ in China, Japan, the 
Middle East, Central and South America, and the Mediterranean (Li Eding, 1987). It was, 
however, only after the turn of this century that reservoir construction escalated considerably 
on a worldwide scale. According to the ~C<?LD register, which started in 1950, the total 
number of registered large dams (dam heights > 15 m or capacity > 1 million m3) increased 
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Figure 1.2 - 1 History of dam development 
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During the period 1950 to 1986, the annual growth rate of reservoirs world wide was_5,5 %. 
These statistics are, however, dominated by events in China, where dam construction 
experienced an enormous surge. Based on the !COLD statistics, the average age of reservoirs 
is now estimated to be in the order of only 30 years. (!COW, 1989) 
The problem of sedimentation bad been encountered by river engineers even before the time 
of Christ. It would seem that engineers even then had a very good understanding of 
hydraulics and sedimentation; a number of hydraulic structures which were designed and 
constructed more than 2 200 years ago are still being operated successfully. One of the best 
examples of such a project is the Dujiangyan irrigation diversion scheme in China, which bas 
operated within its design parameters of diverting 300 to 700 m3/s of flows for irrigation 
whilst limiting sediment diversion, as the original design had envisaged. A physical model 
study of this project carried out in 1972 confirmed the original design parameters within an 
accuracy of 3 % . (Xu Muju, 1990) 
At the beginning of the present century, a number of large dams were constructed such as 
Aswan Dam on the Nile River (1902) and Elephant Butte_ Dam on the Rio Grande (1916). 
By 1936, the seriousness of the sedimentation problem of reservoirs had been realised. 
Stevens (1936) wrote: "Man cannot hope to halt the processes of mountain erosion and plains 
building. The land he cultivates could not exist except for these forces. He must expect that 
rains will gully his fields, or cover them with debris, and that streams will continue to carry 
sediments that will fill the canals and reservoirs. An empire exists below the reservoir that 
has been created by the Elephant Butte Dam. The land is phenomenally rich. The reservoir 
... is slowly being deprived of its ability to store water. Silt is being deposited at the rate of 
20 000 acre-feet per year. Its original capacity will be so depleted in two or three generations 
that the civilisations now dependent on it will have to seek other sources of water supply and 
storage." 
Referring to the Boulder Dam project, Stevens remarked: 
" ... Unless remedial measures are adopted, the reservoir will become virtually useless by the 
fifth generation. Fortunately, sites are available where other reservoirs may be constructed; 
and, after these are gone, others will undoubtedly be found ... but what of the ultimate future, 
when all available storage sites have been exhausted? Must these fertile areas revert, 
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ultimately, to the sage-brush and the cactus? Will sedimentation, that made possibl.e this 
vibrant civilisation, ultimately sound its death knell? The menace exists, it is real, and unless 
something constructive can be evolved, civilisation in these regions must eventually decline." 
An interesting array of attitudes towards the sedimentation problem were evidenced in the 
discussions to Steven's paper. Waggener proposed that "The answer to the question of 
preventing silting of a reservoir is to build another above it, to impound the silt." Bisschop, 
an irrigation engineer from South Africa, remarked that "There appears to be only one 
solution, namely to recognise frankly that some irrigation projects are doomed to a definite 
life span and will have to revert back to the original type and manner of flood irrigation ... " 
Bonner observed that "The capital outlays will be amortised long before sedimentation of the 
reservoirs seriously impairs their usefulness. When the time comes, any desirable restoration 
of capacity will be a problem for the engineer of that far distant day ... " O'Brien noted that 
" ... the time may come when perhaps channels and other silt-controlling works, costing 
perhaps more than the dam itself, will be found to be economically justified." 
Although the rate of dam construction seems to have levelled off slightly in recent years, the 
existing dams have become critical and essential elements in the different regional economies. 
Hydropower now accounts for 21 % of the world's electricity output, while storage reservoirs 
augment the cultivation of 17 % of the world's irrigated crop land, thus accounting for one 
third of the world's agricultural output (Le Moigne, 1990; Postel, 1989). 
1.3 Reservoir sedimentation rates 
The estimate of global reservoir capacity loss due to sedimentation is 1 % of the original 
capacity per annum, which converts into US $6 billion when expressed in terms of 
replacement cost (Mahmood, 1987). In South Africa, Jordaan (1989), found an annual 
sedimentation rate of 0,5 % , which converts into the loss of roughly 150 million m3 reservoir 
storage capacity each year. If a conservatively low estimate of the construction cost of large 
dams is taken as R2,00/m3 of storage capacity, the annual loss of storage in South Africa 
amounts to R300 million (with many other indirect costs not even accounted for), which 
emphasises the seriousness of the problem. The current sedimentation status of a number of 
South African reservoirs most seriously affected are indicated in Figures 1.3-1. (The data 
used in Figure 1.3-1 have been obtained from the South African Department of Water Affairs 
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and Forestry (DWAF) data base of reservoir basin surveys (VWAF, 1995) and it is J?OSsible 
that a number of especially smaller reservoirs not included in this data base have been 
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Figure 1.3 - 1 Reservoir sedimentation in South Africa 
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Worldwide, it has been found that reservoirs with small storage: run-off ratios in relatively 
small catchments in semi-arid areas with high sediment yield ratios are highly vulnerable to 
rapid sedimentation. The same is true in South Africa: the Mbashe weir in the Eastern Cape 
Province (former Transkei) silted up almost completely within 2 years after completion 
(Wallace, 1994), and the Welbedacht Reservoir on the Caledon River lost 85 % of its 
capacity within 20 years (DWAF, 1996)~ 
Stellenbosch University  https://scholar.sun.ac.za
1 - 6 
Although the total capacity of small reservoirs (according to !COLD classification) amounts 
to less than 20 % of the total estimated gross world capacity of 5 000 km3, their estimated 
number of over 300 000 far outstrips that of the larger dams (Delft, 1992). 
1.4 Underestimation of sedimentation rates 
Sediment yields can be determined based on long-term records of sediment loads in rivers, 
a database of reservoir basin surveys which is used to establish regional sediment yield maps, 
and/or modelling of the catchment erosion processes. 
In the past, sedimentation has often been underestimated, which resulted in sediment problems 
being experienced in reservoirs long before their "economic life" had come to an end (Smil, 
1987; Goldsmith, 1985; Walling, 1989; Blanton, 1980). 
In many reservoir designs the sedimentation aspect has been dealt with in a marginal manner. 
Engineering designs are still focused on the control of clean water rather than the sediment 
carried by the water, which is more difficult to predict and control. Reasons for reservoir 
sedimentation underestimates can be related to a number of "misconceptions and 
miscalculations" at the time of reservoir design, and can be grouped into sediment yield 
misjudgments and engineering problems. 
Sediment yields have in the past been underestimated due to: 
• small and short (or non-existent) data bases (derived from reservoir surveys and/or 
river sediment transport data) 
• limited information on regional sediment yields linked to soil types, topography and 
other climatic variables; 
• land use changes and increased erosion and sediment yields. In small catchments in 
the developing world, sediment yield increases of 4 % to 5 % per annum have been 
experienced due to informal settlements, overgrazing etc. Planning of water 
resources developments should be carried out with great care under these conditions. 
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Many engineering problems have occurred owing to incorrect prediction of reservoir sediment 
trap efficiency resulting from: 
• overestimation of sediment transporting capacity through reservoirs, 
• overestimation of the efficiency of outlet structures to sluice/flush sediment from 
reservoirs, 
• changed operation during the life of reservoirs, and 
• overestimation of the effectiveness of soil conservation schemes, especially in large 
catchments. 
Most of the reservoir construction activity during this century has taken place in the so-called 
developing countries and outside the climatologically temperate zones. Many of these 
massive investments (dams are typically high-investment but low-maintenance structures) were 
undertaken after short study periods (Bolton, 1984). Often little time was allowed for proper 
hydrological studies as well as the more difficult question of sediment yield determination. 
The massive and almost worldwide expansion of man-made reservoirs from the 1930s 
onwards was largely based on the optimistic assessment by scientists, engineers and policy 
makers of man's ability to modify and control river regimes on a sustainable basis. 
Assumptions were made not only regarding the ability to control water, but equally man's 
ability to predict and to control the production of sediment as well as its transportation in 
rivers and through reservoirs (Bolton, 1984). 
Apart from storage losses, reservoir sedimentation also impacts on a number of other 
important issues. 
1.5 Operational and maintenance problems 
Sediment deposition in reservoirs causes not only loss of water storage capacity, but also 
impairment of navigation, loss of flood control benefits, increased flooding upstream, 
sediment entrainment in hydropower equipment, blockage of gates etc. 
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In the planning and design of a reservoir, engineers must anticipate and predict sedimentation 
problems and incorporate into the design measures to regulate/limit sediment accumulation . 
within the reservoir. If the problem of sedimentation is neglected, the designers may fail to 
adopt appropriate measures for the release of sediment such as adequately sized deep bottom 
sluices for sediment flushing. Dams constructed without adequate bottom outlets may require 
extensive and costly reconstruction and the operational rules for the reservoir will probably 
require substantial alteration to facilitate sediment regulation. Serious environmental concerns 
may be linked to the discharge of the sediments accumulating in reservoirs. 
Design and operational measures which are required to balance sediment inflows and outflows 
through the impounded river have been implemented at only a limited member of reservoirs 
across the world to date. These measures will, however, have to become increasingly 
commonplace worldwide as reservoirs age and sediment accumulates· to a point where 
reservoir performance becomes unacceptably impaired. 
1.6 Economic impact of sedimentation 
In analysing the total costs of sedimentation, direct as well as indirect costs should be 
considered. 
Direct costs include: 
• increase in maintenance costs of irrigation schemes and power stations, 
• water losses due to reduced storage capacity, resulting in reduced power generation, 
agricultural output and fishery opportunities etc., 
• additional chemical treatment costs due to higher turbidity. At the Welbedacht Dam 
water purification plant, high turbidity levels have been exceeding the plant design 
limits for a number of years and a pre-treatment plant will most likely have to be 
added to treat the reservoir water. 
Indirect costs include: 
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• damage to agricultural land due to aggradation and related swamping, deposition of 
infertile material and impairment of natural drainage, 
• impacts on infrastructure such as roads, bridges and water distribution systems. 
Approximately 50 km upstream of Welbedacht Dam, sedimentation of the Caledon 
River caused the bridge opening of a main route to become too small, and the bridge 
will have to be reconstructed in the near future in order to allow the safe passage of 
the design flood with sufficient freeboard allowance, 
• higher energy costs due to the use of alternative sources of power (thermal) versus 
hydropower (Mbashe weir), (Wallace, 1994), 
• remedial measures to alleviate a sedimentation problem such as the reconstruction of 
an outlet (Mbashe weir). Estimates of annual indirect costs amount · to 
US$ 175 million in the United States (1969) (Crowder, 1987) and US$ 40 million 
in South Africa (1988) (Braune and Looser, 1988). 
1. 7 Environmental impacts of sedimentation of reservoirs 
Reservoir sedimentation impacts on fish, bird and animal habitats both upstream and 
downstream of the dam due to aggradation and degradation of the original river bed. The 
smaller nutrient loads associated with reduced sediment loads downstream of the reservoir can 
impact seriously on the local fishing industry (Delft, 1992). Sediment-attachment is an 
important carrying mechanism for phosphorus. 
Inside a reservoir, sediment deposition affects the aquatic ecology and provides nutrients. 
The interrelationship between sedimentation and fisheries is complex and should be considered 
when assessing sediment control measures. 
Shoreline nourishment diminishes with reservoir sedimentation. Toxic chemicals can build 
up in reservoirs, and with measures taken such as flushing of sediment, relatively high 
concentrations of toxic material might be flushed downstream during a single flood event. 
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The water quality may be affected by sedimentation due to phosphorus and other sediment-
carried pollutants. Under stratified conditions, when the hypolimnion becomes anaerobic, 
bottom sediments release attached phosphorus, iron and manganese compounds leading to 
water treatment problems. Soil nutrients which are washed into reservoirs could eventually 
lead to algal growth and eutrophic conditions. 
River channel degradation is caused by reservoir sedimentation. Sediment concentrations 
along river reaches directly downstream of reservoirs tend to be lower than the transport 
capacity and the grain size distribution changes (containing more coarse particles and less 
intermediate size particles). Together with the discharge regime modification (flood peak 
attenuation), this leads to erosion of the downstream channel, undercutting of the banks and 
eventual widening of the river channel. 
The new equilibrium, with a transport capacity corresponding to the released sediment load, 
will be achieved by decreasing the bed slope. The bed degradation and accompanying 
lowering of water levels downstream of a reservoir may have many effects that include: (Han 
and Tong, 1982; Stoff, 1991; Zhang and Qian, 1985; Delft, 1992): 
• excessive drainage of flood plains 
• headward erosion in tributaries 
• groundwater table lowering 
• reduction of flood plain flooding 
• increase of bed roughness due to coarsening of the bed and growth of vegetation 
• threats to the stability and efficiency of structures in and along the river 
• failure of the dam through head cutting of the downstream river 
• increased bank erosion 
• improved navigation and 
• silting of harbours and increased coastal erosion 
• In cases where the reservoir capacity is so large that it reduces the outflow peaks 
considerably, the sediment transport capacity downstream could be limited and 
aggradation of the river may occur (Delft, 1992). 
• Due to modifications in discharge and sediment regime, planform changes can occur. 
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River bed degradation and channel slope adjustment are often limited because of ri_ver bed 
armouring and the presence of non-erodible layers (Delft, 1992). 
1.8 Social and political issues 
Reservoir sedimentation causes increased flooding levels upstream of the dam which require 
more land to be expropriated and impacts on people who have to be relocated. Relocation 
could be on the enormous scale of more than 1 million people in the case of the Three Gorges 
project on the Yangtze River, China, to only a few families being involved (Delft, 1992). 
In all cases the same social issues apply with the need for housing, new jobs, change of 
family lifestyle etc. impacting on the individual. 
Water rights of riparian farmers often need to be re-evaluated due to sedimentation. Riparian 
farmers in South Africa are often allowed to use the reservoir basin for planting crops, but 
at their own risk. 
The social and political impacts on the catchment and project beneficiaries due to reservoir 
sedimentation need to be considered. 
Perhaps the most important aspect of reservoir sedimentation is the fact that many reservoirs 
have limited life spans. Major economic interests develop with a reservoir. Irrigation 
schemes often result in areas of rapid economic development. Industries and communities 
become dependent on power supply, all leading to enormous social and economic impacts as 
the reservoir storage capacity is depleted by sedimentation. 
1.9 Development of theory 
Since the 1930's, sediment transport theory has been developed greatly and a large amount 
of theoretical work has been carried out on erosion and deposition of sediment. Although the 
"tools" available to the practising engineer today make it much easier to assess sedimentation 
problems, many of the problems which the engineers had to cope with earlier this century still 
prevail today. 
With the aid of theories, which in many cases have been specifically developed for reservoir 
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sedimentation conditions, as well as practical field experience, it is now possible to readdress 
the problem of reservoir sedimentation and to provide guidelines for the future design and 
operation of reservoirs. Concern about the long-term viability and sustainable use of 
reservoirs has led to worldwide efforts to evaluate and develop techniques to deal with 
reservoir sedimentation. The main objective of reservoir design and operation to control 
reservoir sedimentation is to identify suitable sediment control techniques which minimize the 
impacts of reservoir sedimentation, thereby ensuring a longer lifespan for a reservoir. 
1.10 Measures to deal with reservoir sedimentation 
There are various options for reservoir sedimentation control: 
a) minimize sediment loads entering reservoirs through 
• soil and water conservation programmes 
• upstream trapping of sediment (debris dams or vegetation screens) 
• bypassing of high sediment loads 
b) minimize deposition of sediment within a reservoir through 
• sluicing: passing of sediment-laden floodwaters through the reservoir by 
creating high sediment transport capacities in the reservoir by means of water 
level draw down 
• density current venting 
c) remove accumulated sediment deposits through 
• flushing by means of drawing the water level down during the rainy season 
• excavation by means of dredging or other mechanical means 
d) compensating for reservoir sedimentation 
• maintain long-term storage capacity by raising the dam 
• abandon/decommission the reservoir and construct a new reservoir or import 
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water from elsewhere 
The technical, economical and environmental feasibility of the above measures depends on 
a number of site-specific factors such as: 
• availability of suitable bottom outlet facilities 
• availabilities of surplus water for flushing 
• characteristics of the sediments and reservoir basin 
• purpose of storage and water demand 
• consequences of flushing/dredging sediment disposal 
• consequences of control measures interfering with reservoir operation 
• environmental impact 
• institutional-political limitations. 
Limited success has been achieved with sediment control strategies for existing reservoirs. 
There seems to be a lack of measures/policies which have been implemented, which tends to 
indicate that economically feasible means to maintain reservoir capacities in the long run are 
limited. Reasons for this can be found in: 
• a lack of quantitive information on sediment control techniques and the hydraulic 
processes involved; 
• appraisal methods which have taken little account of long-term environmental or 
social impacts; 
• the lack of an integrated approach to sedimentation policies, and 
• a lack of technological development of monitoring and control techniques. 
1.11 Purpose of this dissertation and methodology followed 
Having reviewed the history of dam development, the effects of reservoir sedimentation, the 
development of theory and measures to limit reservoir sedimentation, it is evident that many 
sedimentation-related problems are due to an incomplete knowledge of the hydraulic processes 
involved. Although many design tools have been developed, such as numerical and physical 
modelling techniques for the analysis of reservoir sedimentation processes, many are not 
based on a sound theoretical base and in fact contain numerous empirical relationships. The 
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approach followed in this dissertation was therefore not to develop another empirical -"design 
tool", but rather to investigate reservoir sedimentation from basic theoretical hydraulic and 
sediment transport principles . Sediment transport forms the basis of reservoir sedimentation 
processes and was therefore investigated in detail, with laboratory and field data being used 
for the verification of mathematically sound relationships which describe the dominant 
sediment transport mechanisms of turbulent and density current flows. 
Included under the sediment transport theory are sediment deposition, the sediment sorting 
process and non-equilibrium sediment transport. This research did not only concentrate on 
depositional processes . Hydraulic measures of sediment control, such as flushing/sluicing and 
re-entrainment of previously deposited sediment both non-cohesive and cohesive, with surface 
and mass erosion, were also investigated. 
Apart from establishing the theory for different sedimentation processes, it was also important 
to integrate the theory in order to predict long-term equilibrium sedimentation processes. This 
has been done for both depositional and erosive processes such as flood flushing. The theory 
was therefore tested under highly variable hydraulic conditions, including the evaluation of 
the impacts of changed reservoir operation and outlet configurations. 
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2. RESERVOIR SEDIMENTATION PROCESSES 
2.1 Introduction 
When a river enters a reservoir, the sediment transport capacity is reduced and the sediment 
load is no longer dependent on sediment availability but can be related directly to hydraulic 
conditions in the reservoir. While coarser sediment is generally deposited in the upstream 
part of a storage reservoir, fine sediments (silt and clay fractions, d < 60µm), are transported 
further towards the dam through turbulent suspension, density currents or colloidal 
suspension. Deposition occurs in the main (original river) channel and overbank areas of the 
reservoir. Typical flow and deposition patterns within large reservoirs are indicated in 
Figure 2.1-1 (Graf, 1983). 
Water surface 




Figure 2.1 - 1 Schematic diagram of reservoir sedimentation processes 
Stellenbosch University  https://scholar.sun.ac.za
2-2 
2.2 Sediment transport 
Three main mechanisms of sediment transport can be identified within reservoirs, namely 
turbulent suspended sediment transport, density currents and colloidal suspension. 
• Turbulent suspension is the dominant mechanism of sediment transport through most 
reservoirs (as in rivers), and is discussed in detail in Chapter 3. 
• A density current may be defined as the movement under gravity of a stream of fluid 
under, through, or over another fluid, the density of which differs by a small amount 
from that of the primary fluid . Differences in temperature, salinity or suspended 
sediment concentration can provide the mechanism by which a denser fluid "dives" 
below the upper fluid. Different types of density currents have been observed, such 
as overflow, interflow and underflow, and while the first two are often more related 
to temperature or salinity density difference systems, the latter is the means of 
sediment transport often found in reservoirs. 
Field data on the ratios of outflowing sediment load to incoming load during density 
current venting for different reservoirs are presented in Table 2.2-1 (Bruk, 1985; 
Delft, 1992; Tan, 1994; Mahmood 1987). 
Table 2.2-1: Recorded ratios of outflow to inflow sediment load during density 
current venting 
Storage Reservoir Ratio: sediment 
Reservoir Location capacity length outflow 
(million m3 ) (km) to incoming load 
Eril Emda Algeria 160 0 ,25 - 0,60 
Lake Mead USA 38 400 128 0,18-0,39 
Guanting China 2 270 0, 19 - 0,34 
Heisonlin China 8,6 2 1, 16 - 0,59 
Sanmenxia China 9 640 80(1961) 0,18-0,21 
Sefid-Rud Iran 1 800 (original) 0,20 - 0,37 
Fengjiashan China 398 12 - 14 0,23 - 0,65 
Bajiazui China 525 (original) 10 0.46 
Liujiaxia China 5 720 (original) 0,57 - 0,84 
Nebeur Tunisia 300 0,59 - 0,64 
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Density currents have been observed in several reservoirs such as Lake Mead, USA, 
Sautet Reservoir in France, Metha and Groshnitza Reservoirs in the former 
Yugoslavia, and the Nulele Reservoir in the former USSR (Wu, 1994). 
The hydraulics of density currents are discussed in Chapter 4. 
• Colloidal suspensions are due to electrostatic forces on the small particles, and their 
transport is therefore not related to the effect of gravity. Such suspensions not only 
depends on particle size, but is largely influenced by water quality. Colloidal 
sediments fall in the size range of approximately 10-3 to 1 micron, between dissolved 
particles on the one hand and sediments suspended by turbulent/laminar flow 
conditions on the other. 
The so-called wash load (normally not considered in laboratory calibrated standard 
sediment transport equations), should not be mistaken for colloidal suspension. The 
research conducted for this dissertation has shown that the transport of silt and clay 
sediment fractions as found in South African reservoirs can be described by 
relationships which are also valid for coarse sediments. 
Colloidal suspensions normally would be present in reservoirs at concentrations of 
less than 100 ppm, and due to their estimated low contribution to total sediment 
transport through a reservoir (maximum of 3 percent), such suspensions will not be 
considered further in this dissertation. 
2.3 Sediment deposition 
Coarser fractions (sand sizes and larger) are normally deposited in the upstream reaches of 
a reservoir and are conducive to the formation of a delta. Deltas may extend up to the 
reservoir full supply level (FSL) (and above) and are in many cases covered with vegetation. 
Delta formation leads to increased flood hazard along the river reaches upstream of a 
reservoir, with decreased clearances at bridges, and formation of marshes and swamps. 
The delta . may cut off the storage capacity in side valleys (Gaunting Reservoir, China; 
Yongding and Grinshu Rivers, China) (Feng et al, 1989). 
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The headward extension of backwater deposits depends on the following: 
• The average annual sediment yield and the storage capacity-runoff ratio of the 
reservoir, which give the long-term deposition patterns. 
• Discharge patterns. Variation in discharge leads to the propagation of backwater 
deposits upstream and downstream in the so-called reach of changing backwater 
effects. This is a dynamic process. At the Danjiank:ou Reservoir, China, water level 
variation has been 18 m since 1973 but has resulted in changing backwater effects 
over a distance of 90 km. (Zhang and Qian, 1985). 
The upstream and downstream migration of the zone of backwater deposits only takes 
place in the main channel, because the erosive power of flow over the floodplain is 
generally too small to cause re-entrainment of sediments. This leads to continuous 
upstream propagation of the zone of backwater deposits of the flood plain as recorded 
upstream of Sanmenxia Reservoir, China (Zhang and Qian, 1985). 
• The original slope of the river bed (Zhang and Qian, 1985). 
• Stream adjustment within the deposits by the elimination of meanders, forming 
optimum width-depth ratios and varying the bed roughness (Bondurant, 1973). 
• Reservoir basin geometry. 
• Sediment particle size distribution. 
• Reservoir operation. 
Different delta shapes have been identified: 
• In narrow reservoirs, delta deposits are distributed evenly across the width, and 
depending on the average capacity, the incoming sediment load as well as reservoir 
operation, "real" (deltaic) or wedge-shaped deposits will form. With wedge-shaped 
deposits the delta front reaches the dam and sediment is deposited uniformly across 
the reservoir. 
Zhang and Qian (1985) proposed· an empirical relationship to distinguish between 
deltaic and wedge shaped deposits: 
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Deltaic: VfS!H >2 and lih <0,15 
ho .. 
Wedge: V/Slit <2 and lih >0,15 
ho 
with v = average reservoir capacity during time interval 
Slit = incoming sediment load during the interval lit 
At 
ho = average water depth from base of outlet at the dam 
lih = fluctuation of water level during flt 
• In wide reservoirs delta formation is more complicated and difficult to predict. An 
underwater ridge of deposits forms along the line of the jet introduced by the flow 
(Vanoni, 1977). During high flows the ridge may be bridged and a new channel 
formed which transports fine sediment closer to the dam. This avulsion causes a new 
delta to be built up over the previously deposited fine sediment. Chang (1982) 
showed that for increasing discharges the stream develops into a single channel 
instead of forming branches. 
Chang (1982) found that the channel pattern in a depositional area of the delta is characterized 
by multiple distributary channels. This situation occurs when the base water level is raised, 
discharge increased, sediment load increased, grain size increased, or the channel elongated. 
On the other hand a single channel usually develops as a result of channel degradation when 
reservoir water levels are lowered. Drying, clayey areas consolidate and crack, and with 
rising water levels new deposits fill the cracks and gullies resulting in a very densely packed 
deposit of coarse and fine sediments (Breusers et al, 1982). 
The delta is often divided into different zones (Zhang and Qian, 1985) (refer to 
Figure 2.3-1) 
a) Tail reach: Transition between the natural stream and the delta. The tail reach is 
usually short, and its slope is approximately the mean of the bed and top-set slopes 
(Delft, 1992). 
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Figure 2.3 - 1 Schematic diagram of delta regions 
Frontset 
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b) Top-set zone or top of delta: this reach is essentially in equilibrium and deposition 
on the front-set leads to parallel deposition on the top-set. The slope of the top-set 
zone depends on: 
the mean concentration of bed sediment transport during flood seasons 
the median sediment grain diameter 
the mean discharge during the flood season 
the width of flow 
Normally the top set slope is 1h to% times the original bed slope (Borland, 1971). 
c) fore-set or front-set zone: downstream of the apex point (transition between top-set 
and front-set zones) the water depth increases abruptly. The slope of the fore-set is 
slightly less than the angle of repose of the sediment particles. Borland (1971) 
indicated from USA reservoir surveys that this slope was 6,5 times the top-set slope. 
Chien (1982) proposed a factor ofl,6 times the top-set slope for Chinese reservoirs, 
which could be due to the existence of turbidity currents in many Chinese reservoirs. 
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Schlilchi (1987) concluded from experiments that the front-set becomes steeper until 
a certain angle is reached, whereafter slumping of the whole front occurs. 
d) A fourth zone, the bottom-set zone, is formed by deposition of fine sediments 
transported by colloidal, turbulent suspension and/or turbidity currents. 
A delta is also subjected to the smoothing influence of wave action. Top-set parts of a delta 
extending above the highest water levels are often covered by vegetation which prevents water 
circulation, reduces erosion potential and increases evapotranspiration. 
In flood-detention reservoirs the flood plains are only inundated during the filling of the 
reservoir in flood season and therefore the flood plain profile within these basins is essentially 
parallel to backwater curves in the high flows. 
In South Africa, the above-mentioned rules of thumb to describe delta types and slopes have 
been found unreliable (Annandale, 1984), mainly because the hydraulics of reservoir 
sedimentation has not been included in these highly empirical relationships. 
The rate of advance of the apex point within the reservoir depends on: 
• the river discharge 
• sediment inflow and characteristics 
• catchment characteristics 
• reservoir geometry. 
In Lake Mead (Figure 2.3-2) the delta advanced at a rate of approximately 3 000 m per year 
(1939 to 1948) (Sundborg, 1964), while in the Lillboet River of British Columbia the rate 
is 10 m per year (Gilbert, 1975). 
Sediment depositional patterns are mostly determined by storage operation of reservoirs. This 
means that reservoirs are operated to maximize water yield, without considering operational 
changes to limit storage capacity loss due to sedimentation. Hydraulic operational techniques, 
namely sluicing, flood flushing, density current venting and bypassing of high sediment loads 
can however be implemented to limit reservoir sedimentation. 
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Figure 2.3 - 2 Delta formation in Lake Mead 
It is sometimes possible to maintain the original bed slope of the river in a reservoir through 
seasonal flushing. Flood plane deposits will, however, not be eroded. An example of such 
operation and the impact on delta formation is illustrated with the Sanshenggong Barrage, 
China. This barrage with 18 gates was completed in 1961 , with impoundment only from June 
to October. While the main channel slope remained unchanged, the flood plane slope 
changed from 0,00017 to 0,00013 after constructi~n (Figure 2.3-3). Very important is the 
fact that the outlets are at the original riverbed and the barrage did not change the rating 
curve for discharges below 800m3/s (Fan, 1992). 
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Figure 2.3 - 3 Floodplain profiles before and after construction of Sanshenggong Barrage (Fan, 
1992) 
2.4 Passing incoming sediment loads through the reservoir by sluicing 
Sluicing is an operational technique whereby sediment-laden inflows are released through a 
darn before the sediment particles can settle, thereby reducing the trap efficiency of the 
reservoir. This is accomplished in most cases by operating the reservoir at a lower water 
level during the flood season in order to maintain sufficient sediment transport capacity 
(turbulent and colloidal) through the reservoir. After the flood season, the pool level is raised 
to store relatively clear water. This operating strategy has been based more on experience 
than on quantifying the physical processes, and this research has aimed to provide more 
insight into the theory. 
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Sediment concentrations of finer sediments carried by inflows into reservoirs tend tq vary 
greatly during a single flood event, because the initial run-off, especially after a dry season, 
encounters more transportable material than subsequent run-offs. The sediment concentrations 
therefore also tend to be much higher during the rising stages of a flood than during the 
corresponding falling stages. In sluicing operation it is therefore wise to start impoundment 
as late as possible so as to trap only water which contains relatively little sediment. 
While it is possible to scour non-cohesive sediments from reservoirs (by flushing) long after 
deposition has occurred, this is not the case with highly cohesive sediment. Overbank 
deposition, in most cases, cannot be removed by flushing operation and it is therefore 
imperative that deposition of sediment is limited through sluicing operation. Velocities 
required to keep sediment in suspension are normally much lower than those required to 
erode deposited sediment, especially consolidated cohesive sediment {Hu, 1990; Rooseboom, 
1985). This means that sluicing of sediments is often more efficient than scouring by flushing 
operation. 
Numerous reservoirs are operated to pass sediments through, with varying degrees of success 
as described by Ackers and Thompson (1987), Brabben (1988), Brown (1943), Bruk (1985), 
Mahmood (1987), Pitt and Thompson (1984), Scheuerlein (1987), Slojf (1991), Zhang and 
Qian (1985), and Delft (1992). 
Successful sluicing operations depend on the following: 
• Enough surplus inflow must be available for discharging sediment. 
• Outlet works must possess adequate capacity and preferably be located near the 
original river-bed level. 
• Judicious operation (time, duration) by properly trained operators is essential and is 
often the most critical part of sediment discharge operations. 
• The reservoir basin should have a narrow configuration throughout. 
• The river should transport mainly suspended sediments. 
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• The river flows must possess excess capacity to transport sediment through the 
reservoir ... 
• The flow hydrograph must be predictable with confidence at the dam site. This is 
important for operation in order to re-fill the reservoir in time after the sluicing 
operation. 
• Training walls within the reservoir can enhance the efficiency of sluicing. 
2.5 Re-entrainment of previously deposited sediments through flood flushing 
Sediment flood flushing is a technique whereby the flow velocities in a reservoir are increased 
to such an extent that deposited sediments are re-mobilised and transported through bottom 
outlets. In many cases sluicing and flushing are used in combination or alternatingly. 
During the flushing process a river channel is eroded through the sediment deposits. The 
width and slope of the channel with periodic flushing operations will approach those which 
existed under the original regime conditions. The erosion process during drawdown flushing 
is described by Zhang and Qian, (1985) : When the reservoir water level is drawn down 
below the apex point of the delta, retrogressive erosion will result until the fore-set and 
top-set slopes of the delta are equal. Thereafter progressive erosion takes place with 
decreasing intensity as the bottom slope decreases. Retrogressive erosion is usually more 
dominant than progressive erosion and therefore more important in reservoir desiltation. 
The main difference between sluicing and flushing requirements for gates is that the gates for 
flushing operation should be close to the original river-bed level. As in the case of sluicing, 
excess run-off is required for successful flushing operation. In semi-arid and arid regions 
flushing operation often results in unacceptably high water losses. Flushing/sluicing operation 
therefore increases the risk of failure of water supply during critical hydrological periods 
(Brabben, 1988; White and Bettess, 1984). Flushing operation cannot be implemented in 
reservoirs with over-year storage either, or where periodic interruptions in the use of the 
reservoir cannot be tolerated (White and Bettess, 1984). In such cases the risks can be 
reduced by operating reservoirs in combination with each other. 
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The efficiency of flood flushing depends on: 
• the geometry of the reservoir (slope, width, length, storage ratio) 
• outlet discharge capacity, location and elevation 
• characteristics of inflowing and deposited sediment 
• mode of operation (degree of water level drawdown and duration) 
• duration of flushing and flushing discharge. 
Favourable conditions for effective flushing are (Bruk, 1985,· Paul and Dhillon, 1988; Delft, 
1992): 
• Low head on the outlets, preferably free flow conditions. Sediment flushing is most 
effective when the reservoir is drawn down to the extent that the flow conditions over 
the deposits approach that of the original river (free surface flow) (White and Bettess, 
1984; Mahmood, 1987). The best condition for starting the flushing operation is 
therefore an empty reservoir. Flushing without ~ater level drawdown is practised 
where localized scour of sediment at intakes is required. A crater develops which 
terminates as soon as the slope of the crater is equal to the angle of repose. Flushing 
without drawdown has only this local effect because velocities decrease approximately 
proportional to the square of the distance from the outlets (Scheuerlein, 1993). 
• High discharges 
• Unconsolidated deposits, no gravel and no armouring 
• Wide bottom outlet(s) are essential for low reservoir water levels in order to obtain 
maximum sediment tranpsort capacities through the reservoir when emptying the 
reservoir during flushing 
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• Deep outlet location, preferably at the original river-bed level. 
• Long duration of flushing and intermittent flushing. In a long reservoir an 
appreciable drawdown for several months is needed to complete the flushing action, 
because of the low rate of bed changes (De Vries, 1959). Generally, outflow 
concentrations are high at the beginning of retrogressive erosion and gradually 
decrease with time. Flushing should be stopped when outflow concentrations are 
low in order to save water. In semi-arid regions flushing of single flood events (few 
hours to days) is possible if excess water is available and the inflow volume is 
monitored in order to end with a full reservoir after the flood. In such cases 
impounding only during the falling stage of the flood hydrograph will limit 
sedimentation. 
• Small ratio of reservoir capacity to inflow storage to provide excess run-off for 
flushing . 
• A steep bottom slope. Bed slopes are approximately 2 % in most reservoirs where 
flushing has been practised successfully (Singh, 1987). 
• A narrow reservoir. Singh (1987) concludes that a maximum reservoir width of 
300 m is found in reservoirs where flushing is successfully used. With periodic 
flushing the scoured channel will approach the original river width. In flood-plain 
type of reservoirs (wide basin characteristics) therefore, it is only possible to recover 
storage capacity up to the extent of the original channel (Mahmood, 1987). 
• A climate with distinct dry apd wet seasons, allowing flushing operation in the early 
wet season when flow~ are highly charged with sediments, and storing water during 
the dry season. 
• Frequent flushing. Flushing should be undertaken frequently to prevent excessive 
consolidation of deposits (Delft, 1992). Krumdieck and Chamot (1979) recommended 
a flushing frequency of at least once every year for the Santa Domingo reservoir, 
Venezuela. When sluicing and. flushing are used in combination, the frequency of 
flushing may be less (Bruk, 1985). In China annual sedimentation is restricted by 
sluicing while flushing is applied every 3 to 5 years, for example in the Hengshan 
Reservoir (Zhou et al., 1989). 
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It may be necessary to flush even more frequently if possible. In the Russian R1oni 
series of hydro-electric stations a flushing frequency of twice a year was adopted. 
In late autumn the reservoirs are flushed before winter, when power demand is high, 
and again after winter to remove the lighter consolidated deposits. (Kereselidze et 
al., 1985). At the Hengshan Reservoir, China, the flushing efficiency was high even 
when the main channel eroded in a previous flushing had been silted by sediments 
during a period of several (4 or 5) years (7hou et al., 1989). 
• A water supply rather than hydropower system. Hydropower generation will be 
decreased considerably due to water level drawdown, and unless originally planned 
for, this could be unacceptable in terms of power requirements. At Sanmenxia 
Reservoir, China, power generation was reduced to one third of what was originally 
planned due to sedimentation which necessitated a change in reservoir operation rules. 
• Combination with other measures such as dredging. 
Apart from loss of water, flushing could also have other negative effects (Qian, 1982; Yoon, 
1991; Mahmood, 1987): 
• Rapid pool drawdown could lead to sediment slides which can block the outlets or 
reduce storage as well as jeopardize the safety of especially earth dams. 
• High sediment releases may cause aggradation of the downstream river channel (Qian 
et al., 1993). 
• Sediment being discharged may cause abrasion of the outlets. 
• High-concentration sediment releases may affect the water quality and ecological 
environment along downstream reaches. 
The water-detritus ratio (W-D), the ratio between the volume of water wasted and the volume 
of deposits flushed out, is one of the indicators of flushing efficiency. The W-D ratio 
typically varies between 20 to 50 as indicated by field data in Table 2.5-1 (Qian 1982, Fan 
1985, Yoon, 1991). 
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Table 2.5-1: Recorded W-D ratios 
Reservoir Location Mode of operation W-D ratio 
Grims el Switzerland Bottom outlets, drawdown 16-22 
Gebiden Switzerland Bottom outlets, drawdown 42 
Gebiden Switzerland Bottom outlets, no drawdown 18 
Nebour Tunis Bottom outlet flushing with 9 
drawdown and density current 
Sefid Rud Iran Bottom outlets 13-34 
Khashm El Girba Sudan - 35-44 
Zemo-Afchar Russia - 8-83 
Gurnsey USA Overflow spillway 400-820 
Santa Domingo - Emptying 7-11 
Shincaozi China Overflow spillway 23-86 
Warsak Pakistan Overflow spillway 590 
A special case of flushing is found in flood detention operation. Normally the sediment 
deposition caused by flood detention can be flushed out during the receding flood phase or 
during the next flood through large bottom outlets with or without gates. Most of the 
resulting headward retrogressive erosion occurs in the main channel, however, and not in the 
flood plain deposits. (Fan, 1985). 
Two rates of drawdown are discussed by Lu Xiuzhen (1991): quick or gradual. A radial 
erosion process is caused by the former in which the bed profile 'revolves around' an axis 
near the outlet. The bed slope gradually decreases to the original bed slope as was observed 
in the Sanmenxia Reservoir, China, in 1962. A gradual drawdown induces a layered erosion 
process with the revolving axis located near the upstream end of the reservoir, as observed 
in Sanmenxia Reservoir in 1964. 
Takasu (1982) found that an increased outflow rate during flushing resulted in an increased 
flushed sediment load due to increased bank erosion in the main channel in the reservoir, 
although the concentration decreased. 
2.6 Density currents 
Under exceptional conditions, sediment-induced density currents develop which would cause 
more sediment to be transported towards the dam than the relationships for turbulent 
suspension would indicate. If suitable outlets are provided, the stream containing high 
sediment concentrations can be discharged through dams. Density current venting .is an 
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attractive way of releasing sediment-laden flows from a storage reservoir, particularly as 
unlike with flushing/sluicing operations, it is not necessary to lower reservoir pool levels. 
Favourable conditions for the formation and venting of sediment-laden density currents are 
(Bruk, 1985; Lu Xinzhen, 1990; Rooseboom, 1985; Scheuerlein, 1987): 
• A steep bed slope and a narrow basin configuration. Density currents will then have 
higher sediment transport capacity. 
• When a main channel exists at the bottom of a reservoir, the release ratio of the 
turbidity current has been found to be twice the ratio without a channel (Hengshan 
Reservoir, China) (Zhou et al., 1989; Bruk, 1985). Turbidity current venting in a 
new reservoir is therefore desirable and can reduce sedimentation of the main channel 
(Singh, 1987). Advanced sediment build-up in a reservoir works against the 
development of a turbidity current because the topside slope of the deposit is smaller 
than the original river-bed slope (Mahmood, 1987). 
• A large incoming discharge with high sediment load . Field data at Guanting 
Reservoir, China indicated that when the discharge per unit width, q > 0,2 to 
0,3 m2/s, a density current formed. (Wu, 1994) 
• Large density differences between the density created by suspended sediment 
transport in the density current and that of the overlaying clear water. 
• Long duration of incoming flood. The flood duration should be longer than the travel 
time of the density current from the plunge point to the dam in order to vent the 
density current effectively. 
• Large flow depths, often associated with steep bed slopes. 
• Low flow velocities in the reservoir. With high velocities through the reservoir 
turbulent suspended sediment transport will dominate. 
• A high concentration of fine particles in the density current. According to Mahmood 
(1987), field and laboratory studies indicate that flocculation of clay particles does not 
induce settlement of clay out of the density current. 
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• Large, low level outlets and correct timing of opening and closing of outlets. · A 
sampling pipe in the reservoir could be used to monitor sediment concentrations (Lu, 
1990). If the turbidity current is not vented, a muddy pool will develop which can 
block inlets and gates. If the elevation of the top of the bottom outlet is lower than 
the top of the density current, the ratio of outflow to inflow concentration increases. 
• Releases should not be in excess of the mass transfer rate of the density current, the 
reason being that larger discharge rates could cause turbulent interaction to dominate 
in the transport mechanism. As a result mixing and dilution would take place 
(Un Groupe ... , 1982; Rooseboom, 1985). 
2. 7 Bypassing of sediment 
Bypassing of sediment involves the storing of sediment-free water (usually low flows), while 
high sediment loads are bypassed around the reservoir. The bypassing system can consist of 
a canal/tunnel around the reservoir, or by having a so-called off-channel storage reservoir fed 
under gravity from the main river or by pumped flow. For a bypassing system to be effective 
in the long-term, it must be correctly sized (with related high cost) and operated. Systems for 
bypassing sediments along the full length of a reservoir can only be economical under very 
special conditions (Rooseboom, 1985). The topography around a reservoir seldom lends itself 
to making bypassing feasible, but there are a number of smaller reservoirs which have been 
constructed with bypasses. 
In arid areas, bypassing of sediment-laden water could be in conflict with the need for water, 
and the long-term operation must be carefully planned. Sediment excluders (sand traps) can 
be used in such circumstances to desilt flood-water, and/or the falling stage of the flood 
hydrograph which normally has lower sediment concentrations than the rising stage could be 
utilized for storage. Sediment excluders are less effective in removing silt and clay, but half 
of the sand load can be removed with one tenth of the flow (Mahmood, 1987,· FAO, 1975). 
At Nagle Dam, South Africa, the main reservoir (storage capacity 21 million m3) is situated 
on a horseshoe bend in the river, while a small flood diversion weir was constructed upstream 
to bypass turbid water (Annandale, 1987). The bypass canal was cut into rock and has a 
steep gradient. No significant sedimentation has occurred in the reservoir since 1950 (See 
Photograph 2.7-1). During the 1980's discharges up to 2 000 m3/s were bypassed during 
major floods. 
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Two small reservoirs , Shongweni and Henley , South Africa, also have bypasses consisting 
of tunnels and concrete-lined canals. 
Photograph 2. 7 - 1 Nagle Dam bypass canal 
2.8 Reservoir operation and sediment transport through reservoirs 
In order to understand how efficiently the above hydraulic methods can deal with reservoir 
sedimentation, their respective impacts on sediment loads and on trapping of sediment need 
to be considered. Over the long term, a discharge-sediment load relationship as indicated in 
Figure 2.8-1 is obtained for a "natural" river. 
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Typical flood flushing 
Possible typical Chinese flushing: 
reservoir empty for 2 months 
during rainy season, and sediment 
yield normally not availability limited 
Flood sluicing 
Density current venting 
The one extreme option is storage operation, allowing almost no through flow of suspended 
sediment. Almost clear water will be released from storage operated reservoirs, resulting in 
channel degradation downstream of the dam. With regular flood hydrograph flushing 
(normally practised in semi-arid areas such as in South Africa) , the operational method is only 
efficient above a certain discharge. At high discharges , sediment loads higher than the mean 
seasonal sediment loads can be expected, but sediment equilibrium can be established. Regular 
flushing with suitable bottom outlets will also ensure that the flushed sediment loads approach 
the mean background value. Sluicing is another method of operation (partial water level 
drawdown during high inflows) which can limit the outflowing sediment loads to those for 
typical natural river conditions , but a long-term equilibrium in sediment inflow and outflow 
cannot be established, since low inflow conditions will normally not be sluiced in arid 
conditions in order to avoid risking failure in water supply . Under such conditions , sluicing 
only delays the rate of reservoir sedimentation and it needs to be used in conjunction with 
flood flushing to maintain substantial long-term equilibrium reservoir capacity. 
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Lastly, reservoir emptying and flushing as practised on a regular basis in China with enough 
excess water during the whole summer rainy season will impact least on the aquatic 
environment. It should be possible to obtain the seasonal mean sediment load discharge 
relationship as for river conditions from low to high flows, although with somewhat increased 
variability in the suspended sediment loads discharged from the reservoir. 
Figure 2.8-1 shows that reservoir operation with combined sluicing and flushing operation 
should in the long term least impact on the riverine ecology if practised regularly, coinciding 
with high inflow conditions. Rapid changes in water quality with low concentrations of 
dissolved oxygen and high suspended sediment loads during flood flushing/sluicing/ 
(uncharacteristic of the natural river) need to be considered, however, in order to protect the 
aquatic ecosystem downstream of the reservoir. 
Flushing/sluicing of a reservoir will alter the relationship between water flow and sediment 
load released from the reservoir, but the degree of alteration is not as large as that under the 
operating rule of impoundment (Zhou, 1994). If a reservoir is first operated for storage, 
followed by flushing later, the discharged sediment load will, however, induce new problems 
as compared with the former equilibrium established under "clear" water flow in the river. 
For sluicing/flushing operation the major constraint is excess water availability, which means 
that the reservoir has to be small in relation to the runoff. In practice, the most efficient 
passing through of sediment is obtained when the reservoir capacity is less than 5 % of the 
mean annual runoff, although larger reservoirs are also sluiced successfully. The Churchill 
(1948) and Brune (1953) trap efficiency curves indicate why reservoirs need to be so small 
(Figure 2.8-2). Reservoirs significantly reduce sediment transport capacity and it is only 
when near-riverine (small trap efficiency), high sediment transport conditions can be 
established in a reservoir by water level drawdown, and with high flow conditions, that 
sediment sluicing/flushing is effective. 
The experience gained at Sanmenxia Reservoir (Delft, 1992) with different reservoir operating 
rules is further illustrated in Table 2.8-1. It was only after reconstruction of the outlets that 
sediment sluicing could be optimized, with much reduced operating water levels, but with the 
advantage of maintaining long-term reservoir capacity. 
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SEDIMENTATION INDEX (Churchill)= g x (capacity)
2 
. (Discharge)2 x Reservoir length 
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Figure 2.8 - 2 Reservoir trap efficiency 
Table 2.8-1: Reservoir operation and sediment trapping in Sanmenxia Reservoir 
Period 
9160 - 3/62 
4/62 - 7/66 
7/66 - 6/70 
7/70 - 10/73 




Water level at dam site 
Operation* 
Maximum Average 
A 332,58 324,04 
B 325,90 312,81 
c 320,13 310,00 
D 313,31 298,03 
D 317,18 305,60 
Storing water 
Flood detention and sluicing through 12 outlets at 300 m 
Flushing by opening 2 tunnels and 4 penstocks 
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Two empirical indices can be used in preliminary judgement to decide on the mode of 
operation for sedimentation control, namely the capacity-inflow ratio (Kw) and the capacity-
sediment inflow ratio (KT). The importance of these indices is illustrated by reservoir data 
in Figure 2.8-3, and all the modes of reservoir operation are represented in this figure. 
Most reservoirs have been designed to be large enough to accommodate 50 to 100 years ' 
sediment accumulation and are located in the upper right hand quadrant of Figure 2.8-3. 
Since Kw> 0.2 for these reservoirs, not enough excess water is available for flushing/sluicing 
operation and reservoir drawdown. Therefore density current venting is practised and only 
in some cases. 
Reservoirs designed and operated for sedimentation control should fall in the bottom left hand 
quadrant of Figure 2.8-3, with KT < 100, and Kw < 0.2. The reservoirs where sediment 
sluicing/flushing are in fact practised are indicated on the graph. Relatively small reservoirs 
in high sediment yield areas should be designed and operated to limit sedimentation, or risk 
high sedimentation rates. 
The zone KT < 100, Kw < 0.2 contains reservoirs where enough excess water is available 
to allow hydraulic sediment control measures. In this zone, examples of successful design and 
operation for flushing in South Africa include First Falls, Second Falls and Phalaborwa 
Barrage. Examples of reservoirs with non-ideal design/boundary conditions but operated for 
flushing/sluicing operation are Mbashe Weir, Windsor, Welbedacht and Elandsdrift dams. 
Henley and Shongweni reservoirs both have bypass tunnels. Recommended values of Kw for 
successful flood flushing is Kw < 0,03. 
It is interesting to note that many of the non-South African reservoirs which are successfully 
flushed, such · as the Low Aswan, Sanmenx.ia and Tarbela have storage capacities larger than 
4 % of the mean annual run-off. The reason why these reservoirs can be operated for flushing 
with relatively high storage capacity run-off ratio conditions is that enough excess water is 
available beca!-lse water demands and high flows are out of phase. In the more arid conditions 
of South Africa high water demands and high sediment loads, especially at the beginning of 
the rainy season, coincide with hydrologically critical periods. 
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In the bottom right-hand rectangle of Figure 2.8-3, Kw > 0.2, KT < 100, some reservoirs 
with a high risk of losing their capacities within a relatively short period are to be found . No 
excess water is, however, available for flushing/sluicing of these reservoirs. Prinsrivier Dam 
and Lake Arthur, constructed in 1916 and 1925 respectively, are two typical cases of 
reservoirs which have nearly reached the end of their lives. In the case of Lake Arthur, its 
users are fortunate to have the Orange-Fish transfer scheme to support them. At Prinsrivier 
Dam, however, the dam has been raised twice already with no possibility of future raises. In 
this case it seems likely that the farming community which has been established downstream 
of the dam for nearly 70 years may have to change to non-irrigation practices under the 
harsh Karoo conditions of less than 200 mm annual rainfall. Dredging (or syphon dredging) 
seems to be the only solution under these conditions. 
The operating rules for a reservoir need not be inflexible, but can change with different stages 
of storage loss. Storage operation may be continued in reservoirs with large capacities relative 
to sediment loads, while sluicing/flushing operation can be introduced once the loss of storage 
capacity reaches a certain stage. These transition zones can be found between the zones 
represented in Figure 2.8-3. 
In order to establish deposition and flushing patterns, it is necessary to understand the 
phenomena of delta formation, density current movement and sediment transport mechanisms 
by analysing the movement of sediment through reservoirs. The hydraulics of sediment 
transport through reservoirs forms the basis to which all other processes, such as sediment 
deposition and re-entrainment of non-cohesive and cohesive sediments, can be related. 
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3. TURBULENT SEDil\IIENT TRANSPORT 
3.1 Introduction 
South African experience indicates that in most rivers, the sediment transport capacity is often 
not limited by the hydraulic conditions, but rather by the sediment availability from the 
catchment. Within a reservoir this changes, however, and it is possible to quantify sediment 
transport in terms of hydraulic conditions. 
A large number of sediment transport equations have been derived during this century. In 
most cases the theory has be~n "calibrated" by means of coefficients in the formula with 
laboratory (and in some cases) field data. There are basically two groups of equation 
formats: those that predict bed load and suspended load transport separately, and those that 
predict a total sediment load without the distinction between bed load and suspended load . 
Most equations have been tested and calibrated for sand transport only, and the so-called 
"wash load" (fine sediment) is not included. 
For practical application, specific transport equations are favoured in certain parts of the 
world . A number of recent studies have compared the accuracy of these equations to predict 
sediment transport. Quite often, though, these comparisons are biased towards those 
equations which incorporate some of the verification data in their calibration. Nevertheless , 
what is important to note (as is shown in Table 3.1-1), is the rather inaccurate prediction of 
sediment transport, even under controlled laboratory conditions. 
The reason for this is that the understanding of sediment transport processes has not been 
developed well enough, even after many years of research in this field . To name just a few 
of the complications, neither the interrelationship between bedforms, associated roughness, 
hydraulic and sediment transport capacities, nor the change in velocity profile when sediment 
is being transported have been adequately described. 
Due to the abovementioned, the approach in a number of countries is to calibrate sediment 
transport equations for site-specific conditions. When "bed load" is the main component or 
under other conditions where the sediment transport capacity is the limiting factor, such an 
approach can be used successfully. One set of such relationships is shown in Figure 3.1-1. 
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Table 3.1-1: Accuracy ranges of commonly used sediment transport equations 
Mite et al. (1975) compared eight formulae using 1 000 flume and 260 field measurements. The discrepancy ratio .XcaJJXo/>$ was 
plotted against the dimensionless grain size (p q pq) and the percentages within the 0,5 to 2 range were as follows: 
=========·======-====·==-==·= ,, ==·=·=·=·=·===:::=====>==-• · : : : :: :/) :· /: :;:: :% il(0,5 ~ : X,),j;JX0 i:s ':i;; ·. 2 . ranges < : 
Ackers and White 68 
Engelund and Hansen 63 
Rottner (1959) 56 
Einstein (total load) 46 
Bishop et al. (1965) 39 
Toffaletti (1968) 37 
Bagnold (total load) 22 
Meyer-Peter and Muller 10 
The laboratory data include particle sizes from 0,04 to 4,94 mm and field data from 0,095 to 68 mm. 
The comparison of formulae by Yang and Molinas (1982) also used laboratory and river data encompassing mean grain sizes from 
0,15 to 1,71 mm, channel widths 0,134 to 532 m, flow depths 0,01 to 15,2 m, temperature 0° to 34,3°C, average velocity 0,23 to 
1,97 mis and slopes from 4,3 x 10-s to 2,79 x 10-2• The range of data is the same as given by Yang (1973) for the data from which 
the formula was derived. The discrepancy ratio, defined as the ratio between computed and measured values, is given as follows: 
Colby (1964) 0,61 0,34 
Yang (1973) 1,01 1,31 1,03 
Yang (1979) 1,02 1,12 1,03 
Shen and Hung (1971) 0,91 1,18 0,95 
Engelund and Hansen 0,88 1,51 0,96 
Ackers and White 1,28 1,50 1,31 
Maddock (1976) 0,99 0,49 0,92 
A different picture is painted by the comparative study carried out by Van Rijn (1984), also using field and laboratory data. The 
discrepancy ratio, r, defined as the ratio of predicted to observed transport rates in per cent were as follows: 
. 0;75 ····~ r\~ l,5 / )()~5 =!>f ,,, :i:: • 2 >< . 0,33 =-.~ r ~ 3 
>=1.} -· ~ ·. 3} >=·4 } <I< --~--·= ·~ = =:= 4 1. 2 .· ' 3j A .· US Rivers Corps Engrs 53 39 32 6 79 67 61 24 94 87 78 44 
Middle Loop River 39 13 37 63 78 37 74 94 96 80 98 100 
Indian Canals 30 15 27 3 60 45 48 6 90 73 70 24 
Pakistan Canals 23 37 34 13 56 71 71 29 91 94 91 48 
Niobrara River 55 13 29 86 95 67 58 98 98 95 98 98 
Average of field data 45 32 32 22 76 64 63 39 94 88 84 55 
Flumes 
Guy et al. 40 67 56 68 70 89 85 .90 91 98 99 98 
Oxford 37 20 31 45 84 38 59 89 96 70 81 96 
Stein 54 73 81 56 70 95 97 97 97 97 100 100 
Southampton A 64 49 46 49 85 73 79 82 97 91 94 94 
Southampton B 18 12 82 91 81 82 96 97 94 97 100 100 
Barton-Lin 35 60 30 40 65 100 50 65 100 100 100 100 
Average of laboratory data 41 46 52 59 77 74 77 89 95 89 94 98 
Average of all data 43 37 40 36 76 68 68 58 94 88 88 71 
In the above table, column 1 lists values obtained by the method of Van Rijn; 2 by the Engelund-Hansen formula; 3 by the Ackers-
White formula and 4 by the Yang formula. The result is poor accuracy by the Yang formula for canals in India and Pakistan, which 
have the deepest flows of the above data. Since the other formulae produce reasonable results Van Rijn concludes that "the method 
of Yang must have serious systematic errors at large flow depth. On the average the predicted values are much too small". 
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Figure 3.1 - 1 Sediment transport relationships for various Chinese Rivers 
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Most sediment transport equations incorporate only parameters which describe the basic 
hydraulics and reflect how they are influenced by bedforms and transported sediment in an 
indirect way. This is often done by determination of the bed roughness independently from 
the sediment transport equation. Some equations, like those of Yang (1973), do not contain 
rules for calculating the velocity. 
Instead of comparing the prediction accuracy of sediment transport equations based on 
observed data, a more appropriate comparison would be to calculate the main hydraulic 
variables from raw data, as was recommended by Van Rijn (1984) . A new approach based 
on the interrelationship between hydraulic variables will be followed here. For reservoir 
conditions, it is also important to be able to forecast the transport of fine sediments (silt and 
clay), since in most South African impoundments they form the main sediment body. The 
accurate prediction of sediment transport is important since deposit shape, resuspension, 
flushing channel deformation, cohesion, flocculation, etc., are all dependent on the sediment 
transport capacity and particle size sorting process. 
In practice, the prediction of the transport of fine sediments within reservoirs is based on 
different approaches: 
a) Use of the diffusion equation. 
b) Use of sediment transport equations which were calibrated originally for sand 
fractions adopted to include fine sediments by recalibration with fine sediment 
transport data. 
c) Combinations of sediment transport equations for sand fractions and diffusion 
equations for fine sediments. 
Two further complicating matters in sediment transport are: 
a) Non-uniform sediment particles. "Real" sediments are not nearly as homogeneous 
in size as the sediments used in laboratories. The normal approach is to assume a 
representative sediment particle size or to model different size groups, each with its 
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own sediment transport. Non-uniformity further leads to hiding/shielding and 
armouring phenomena involved in the re-entrainment of sediment. 
b) Non-equilibrium sediment transport. Sediment transport equations as derived from 
theory and laboratory conditions are valid under steady, uniform flow, equilibrium 
conditions only. With fine sediments being transported, however, due to the slow 
settling velocities, reaction to changing hydraulic conditions is not immediate. 
Before investigating the theory of reservoir sediment transport in detail, the validity of some 
of the most popular sediment transport equations used worldwide, mostly for river 
applications, needs to be considered. 
3.2 Review of generally used equilibrium sediment transport equations 
These selected equations are (in no particular order) those of: 
a) Engelund and Hansen (1967) 
By using dimensional analysis, Engelund and Hansen (1967) related input power per unit area 
of channel boundary to sediment discharge and proposed the following relationship: 
s 
2gDs 4> = O,l6 2 
v2 
where 
e = pgDs . (ys-y)d' 
D = flow depth 
and 
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= total sediment discharge 
y = specific weight of water 
y s = specific weight of sediment 
d = sediment particle size 
The total sediment discharge can therefore be calculated directly by writing Equation (3.2-1) 
as 
Q = ~ ~(Ys - yj_d3 ( pgDs 1~ 
s 20gDs y f (Y,, - y)d (3.2-4) 
b) Ackers and White (1972) 
Ackers and White (1972) used dimensional analysis to derive an equation representing total 
sediment discharge in terms of three dimensionless numbers, viz. a sediment transport 
function G gr, a mobility number F gr and dimensionless sediment particle size dgr . The 
parameters are expressed as 





(jgDs)n ( V ll-n Fgr = ----'"'-=----'"--J gd (y,, I y - 1) {32 log lOD/d (3 .2-6) 
d = d (g(y s I y - l)l~ 
gr "2 
(3 .2-7) 
where v = kinematic viscosity. 
The coefficients c 1 , A, m and n are functions of sediment particle size and have the 
following values: 
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For coarse sediment (d > 60)· n = 0 O· A = 0 170· m = 1 50· c 1 = 0 025 
gr • ' ' ' ' ' ' ' 
whereas for smaller sizes (60 ~ d8, > 1) their values are given by: 
n = 1 - 0,56 log dgr (3.2-8) 
A = 0,23 + 0,14 (3.2-9) 
{<I; 
m = 9,66 + 1,34 (3.2-10) 
dgr 
log c 1 = 2,86 log dgr - (log dgr)2 - 3,53 (3.2-11) 
c) Unit (input) stream power (Yang, 1973, Rooseboom, 1975) 
The basic principles of this approach were proven in South Africa in 1974 and subsequently 
with field data from Gariep and Welbedacht Reservoirs and with data obtained in this study. 
The unit stream power principle has been used extensively in the country over the last 20 
years in the planning and design of reservoir sedimentation studies with success. 
The suspension theory (Rouse, 1937) can be used to describe both bed load and suspended 
load (the case of suspended transport with a relatively large z-value (the suspension theory 
coefficient) is equivalent to the bed load condition) and the incipient motion criteria, and is 
therefore well suited for analysis of total carrying capacity (Rooseboom, 1975). 
Sediment transporting capacity per unit width in terms of flow parameters can be calculated 
if it is assumed that sediment particles are transported at the same velocity as the fluid: 
f, D ( dv)z; dv · q = Cv dy with Coe t"- and t"- the applied power, 
s Yo dy dy 
with c = sed1men concentration 
(3.2-12) 
't - bed shear stress 
= suspension theory coefficient, = w z 
= settling velocity tcJgDs w 
x - Von Karman coefficient 
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and y 0 the distance from the bed where v = 0 mathematically, which after integ~ation 
leads to an equation of the form (Rooseboom, 1975): 
q - (sDJ2rrgDs)z1 log ~ = ocl logvs + log 
q Yo 
(3.2-13) 






suspension theory coefficient as derived by Rooseboom (1975) 
sediment concentration at the bed where v = o at y = y
0 
average flow velocity 
Yang (1972) found through statistical analysis of available data that Equation 3.2-13 describes 
sediment transporting capacity particularly well. He used a slightly different approach by 
including a critical stream power value for incipient motion in the equation (1972): 
(3.2-14) 
with cc • ex 
3• 4= const~t and coefficient, 
= critical input stream power for incipient motion 




constant and coefficient 
w = settling velocity 
The last term in Equation 3.2-13 was found (Rooseboom, 1975) not to vary considerably and 
can be equated to the oc5 coefficient of Yang. 
Yang produced two dimensionless unit stream power equations for sand transport (1973, 
1979), with and without incipient motion. In 1984, Yang proposed a gravel transport 
equation with an incipient motion term. 
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The maximum sediment transport capacity of a stream can therefore be determined ~y an 
equation of the type: 
1 qs 1 - f.l og - = oc og vs + ., 
q 
(3.2-16) 
where vs represents the average input unit stream power at a cross-section in a reservoir or 
river, and oc = coefficient and p = constant. 
d) Stream power theory (Bagnold, 1966) 
Bagnold used the stream power per unit bed area, based on general concepts in physics, to 
relate the rate of energy dissipation used in transporting materials to the sediment transport: 
(y - yl s y qbw tan oc = •Veb (3.2-17) 
with qbw = bed load transport rate 
tan ex = ratio of tangential shear to normal force 
v = average flow velocity 
eb = efficiency coefficient 
•v = stream power 
and for suspended load: 
(3.2-18) 
with the total load (q1) 
= q,_ + q• = (y,; y) <V (..::~ + 0,Ql :l (3.2-19) 
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Based on field data (rivers and reservoirs in China), the sediment carrying capacit)r ~ 
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Figure 3.2 - 1 Stream power sediment transport relationship at Fenhe Reservoir, China 
e) Gravitational power theory (Velikanov, 1954,· Dou, 1974; Zhang, 1959) 
Velikanov (1954) divided the rate of energy dissipation for sediment transport into two parts -
the power required to overcome flow resistance and the power required to keep sediment 
particles in suspension against the gravitational force: 
d[(l - Cv)U U~ 
pg(l - Cv) V/ = pvy dy x + g(ps - p) cvy (1 - Cv) w (3.2-20) 
(i) (ii) (iii) 
with cvy = time-averaged sediment concentration at a distance y above the bed 
in percent by volume 
Vy = time-averaged flow velocity at distance y above bed 
Ux, U1 = 
fluctuating part of velocities in the x and y directions 
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Integration over depth of flow yields 
gvSD = fov3 + Ps - p (gDwC) 
8 p v 
(3.2-21) 
The Darcy Weisbach resistance coefficients are given by: 
(3.2-22) 
8gDs0 and f, = -- (C = o) 
0 2 • v 
v 
(3.2-23) 
with s, s0 = energy slope with and without sediment. 
Assuming that flh = a constant, (with /1:. = resistance coefficient with saturated sediment 
concentration), it follows that 
(Ps - P) 
= a constant. (3.2-24) 
p VS 
From the above, Velikanov's equation can be expressed in the form: 
c = J_i!_) 
v algDw 
(3.2-25) 
with K = a coefficient to be determined from measured data. Sediment transport equations 
of this format have been used extensively by Chinese engineers. Dou (1974) proposed that 
the rate of energy dissipation to keep sediment particles suspended should be equal to that 
used by sediment particles in suspension: 
C = K( Ys ) vs 
' i Ys - y w 
with C
1 
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and from Chezy : (3._2-27) 
gives C = v{~) 
t 'gDw (3.2-28) 
with Ki = coefficient 
Zhang (1959) assumed that the energy being dissipated in keeping sediment particles 
suspended should come from turbulence instead of from the effective power available from 
the flow: 
Total rate of energy dissipation of clear water - rate of energy dissipation due to sediment 
laden flow = 




When Cv is small : 
total rate of energy reduction due to the damping effect (reduction in 
turbulence due to suspended sediment) 
(3 .2-29) 
energy slope of sediment-laden water and clear water 
dimensionless exponent 
channel cross-sectional area 
dimensionless coefficient 
(3.2-30) 
which can be further reduced to: 
with parameters related to sediment concentration, and 
hydraulic radius · 
(3 .2-31) 
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Figure 3.2 - 2 Gravitational power theory calibrated with Chinese data 
The use of the stream power theory has been well researched and verified with field data. 
Three different approaches in the study of sediment transport, based on the concept that the 
rate of energy dissipation of flowing water should be related to the rate of sediment transport, 
are generally used. 
Yang et al. (1991) carried out an analysis and comparison of the three stream power 
parameters: 
vs · v 3 
- • 'tV • and --
W , ' gDw 
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The dimensionless unit stream power correlated best with concentration data by Stein (1965), 
indicated in Figure 3.2-3 . Velikanov's equation fitted with a S-curve instead of a straight line 
on a log-log plot as is required by Equation 3.2-25. Bagnold's equation is based on general 
concepts in physics without using much theory in fluid mechanics and it is not generally used, 
and was not reviewed further by Yang et al. (1991). 
Yang and Molinas (1982) showed that bed load, suspended load and total bed-sediment 
concentrations can all be expressed by the general form of Equation 3.2-15. Yang et al. 
(1991) illustrated that the three equations based on the gravitational theory can all be 
converted to or derived from the basic form of the unit stream power equation, with 
differences in coefficients and assumptions to derive coefficients . The assumptions of Dou, 
Velikanov and Zhang to obtain v 3/gRw cannot be supported by laboratory or field data used 
by Yang et al. (1991) . The unit stream power theory is therefore best to use and based on 
a sound theoretical basis (Yang et al. , 1991). 
f) Van Rijn (1984) 
In the van Rijn transport model the sediment load is divided between bed load and suspended 
load according to the relative magnitudes of the bed shear velocity, and the particle fall 
velocity. When the bed shear velocity exceeds the fall velocity then sediment is transported 
as both suspended and bed load. Bed load is considered to be transported by rolling and 
saltation and the rate is described as a function of saltation height. The suspended load is 
determined from the depth-integration of the product of the local concentration and flow 
velocity. The reference concentration is determined from the bed load transport. 
Bed load transport rate is computed from the product of particle velocity, ui., saltation height, 
ob' and the bed load concentration, Ci,: 
(3.2-32) 
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Figure 3.2 - 3 Comparison between stream power equations 
Expressions for the particle velocity and saltation height were obtained by numerically solving 
the equations of motion applied to a solitary particle. These expressions are given in terms 
of two dimensionless parameters which are considered to adequately describe bed load 
Stellenbosch University  https://scholar.sun.ac.za
3 - 16 
transport; a dimensionless particle diameter, D., and a transport stage parameter, T as d~fined 
below: 
(ug')2 (u . )2 T= - 'f.cr 
' 2 (uf.cr) 
(3.2-33) 
(3.2-34) 
in which u 'sis the bed shear velocity, related to grains, u is the mean flow velocity and u 'r,cr 
is Shields critical bed shear velocity. u 's is the effective bed shear and is so defined in order 
to eliminate the influence of bed forms since form drag was not considered to contribute to 
bed load transport. 
Extensive analysis of flume measurements of bed load transport yielded the following 
expression for the bed load concentration: 
(3.2-35) 
in which C0 is the maximum bed concentration. 
Combining equations for particle mobility, saltation height and Equation 3.2-35 gives the 






The Van Rijn suspended sediment load method is based . on the computation of a reference 
concentration determined from the bed load transport. Thus the reference concentration, c., 
is described as a function of the dimensionless particle diameter, D., and transport stage 
parameter, T. 
d yl.5 
ca = o.015_s_o __ 
D 0.3 a • 
(3.2-37) 
The representative particle size of suspended load is generally finer than that of bed load. Van 
Rijn relates this particle size, d, to the d50 and geometric standard deviation, a of the bed 
.s' 
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= 1 + 0.011 (o3 -l)(T-25) for T<25 dso 
(3.2-38) 
Many factors affect the suspension parameter z, e.g. volume occupied by particles, reduction 
of fall velocity and damping of turbulence. These effects are grouped into a single correction 
factor, v. which is used to define a modified suspension number, Z: 
Z' = z + V (3 .2-39) 
v was found to be a function of the main hydraulic parameters: 
[ r.s[c r·4 v = 2.5 ~ c: for 0.1 ~ 1 (3 .2-40) 
where C0 is the maximum bed concentration. 
By combining the expression describing the velocity and concentration profiles with the 
expressions for z and v , van Rijn derived the following expression: 
(3.2-41) 
in which F is given by: 
(3.2-42) 
The above sediment transport equations show that: 
• the stream power concept is powerful in describing the sediment transport process. 
Most equations are, however, based on dimensional analysis and not derived from 
sound theoretical principles. 
• the unit input stream power equation (Yang, 1973), is the only stream power 
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relationship which can be derived theoretically Rooseboom, (1975) , although some 
averaging assumptions had to be made. 
• The Van Rijn equations are based on several empirical relationships and has the 
division between bed load and suspended transport which cannot be justified from 
fundamental theory. The equations do , however, include the change in bed roughness 
and energy dissipation for different flow regimes and sediment transport. 
• The prediction accuracy of most sediment transport equations seems to depend on 
calibration with as extensive a sediment transport data base as possible (including 
laboratory and river data). 
Sediment transport through reservoirs has traditionally only been described under conditions 
of deposition. When management options such as flushing are incorporated, flow through 
the reservoir reverts back to river conditions, but with high sediment transport. 
(Photograph 3.2-1) . A very wide range of sediment transport, hydraulic, bed roughness and 
other conditions are therefore encountered. To improve understanding of the processes of 
sediment transport, it is necessary to first understand the resistance to flow and velocity 
distribution in turbulent movable boundary conditions. 
Photograph 3 .2-1 Elandsdrift Reservoir flood flushing, 1985 (900 m3/s) 
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3.3 Velocity distribution for a rigid bed boundary and homogeneous fluid (Rooseboom, !975) 
When uniform steady flow in a wide canal with small longitudinal slope (s0 ) and depth of flow 
(D) is considered, the forces acting on a small element with height (D-y), length !ix and 
unit width, are in equilibrium. The resistance to flow can be described by a shear force ( -r) 
acting on the bed which is opposing the driving force due to gravity. 
Resistance force = 
-r.L\x = 
or -r = 
Driving force 
pg (D-y) s0 L\x 
pg (D-y) s0 (3.3-1) 
The shear stress therefore increases linearly from zero at the surface to a maximum value of 




Figure 3.3 - 1 Velocity and shear stress distribution (Rooseboom, 1975) 
Near the bed the velocity has to be zero, otherwise it would mean that the point of attachment 
of the shear force at the bed is moved, which will only be possible if bed material is moved. 
In laminar flow, where shear stresses are formed through liquid interchange on a molecular 
scale, the relationship between shear stress and velocity distribution is given by: 
dv 
.. = µ -
dy 
(3.3-2) 
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with µ = dynamic viscosity 
Equating Equations 3.3-1 and 3.3-2 and integration give the velocity at distance y above the 
bed: 
v = pgs (2Dy -yz) 
2µ 
Further integration gives an equation for average velocity (v): 




In fully developed turbulent flow, shear stresses develop on a macro scale through eddies. 
Water particles move temporarily as units in the form of spherical eddies. Rooseboom (1975) 
stated that based on continuity principles, the angle velocity of rotation of an eddy should 
equal the local velocity distribution. According to Newton's second law, the force in the 
x direction should be equivalent to the rate of x momentum change. The shear force acting 
on a surface element with size A.A and orientation parallel with the x axis will be equal to 
the rate of x momentum exchange across the surface (Figure 3.3-2): 
d 
-r.A.A = dt (mv).x 
= p (r : cos «) AA (r : sin «) 
. . "t = pr2 (:r sin« cos « (3 .3-5) 
The average shear stress (t) over the cylindrical element is: 
!Rf~ (dvr :t" = 4 0 0 2 p dY r 3 cos « sin « drdu. 
1t Rz 
= ;1t Rz (:r (3.3-6) 
= 0,42 pRZ (:r (3.3-7) 
for clear water and a rigid bed. 
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Figure 3.3 - 2 Section through eddy 
Prandtl (1925) presented a hypothesis to determine the velocity of a turbulent flow assuming 
that the turbulent fluctuations are confined within a certain limit defined by a length (i) called 
Prandtl's mixing length. Prandtl considered a parallel flow in which velocity only varied 
along the stream lines (along the x axis) 
• = -pu'v' (3.3-8) 
with u' and v' denoting fluctuating components of velocity, with u in the x direction 
and v in the transverse direction. 
The turbulence is generated at the bed and groups of fluid particles travel together with other 
bodies of fluid, exchanging particles of fluid with each other. Consider a particle coming 
from a body of fluid at layer (y1 -~). Figure 3.3-3. 
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y u(yl 
x 
Figure 3.3 - 3 Vertical velocity distribution in a channel with turbulent flow 
The velocity prevailing at that level is u <Yi -0, while the particle arrives at layer y1 with 
velocity u <Yi) > u <Yi - ~). The difference in velocities is: 
- - (dU) Au1 = u <Yi) - u <Yi - e) = e dy i (3.3-9) 
obtained through expanding u <Yi - 0 and retaining the first term. The same can be done 
with a particle arriving from layer (y1 + e) to layer (y1) with a velocity difference: 
t.u,_ = U (y1 + I) -u (y1) = I(:), (3.3-10 
The particle with velocity u <Yi - ~) may create in layer <Yi) a fluctuation (- u') in 
such a way that the velocity in layer <Yi) is always (v) . Conversely a particle with 
velocity u <Yi + ~) may create in the same layer a fluctuation ( + u') . If the two 
particles arrive at layer (y1) simultaneously, then the time average of the absolute value of 
this fluctuation is: 
(3.3-11) 
It is possible (Simons et al, 1977) to show that v' and u' are of the same order and 
u'v' = -clu'l-lv'I (3.3-12) 
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where o < c < 1 
and u'v' = -cf(::;)' (3 .3-13) 
Combining the constant c and l yields: 
(3 .3-14) 
and the shear stress becomes: 
• = pf(:r (3.3-15) 
Prandtl interpreted the mixing length as the "diameter of balls of fluids which move as a 
whole and also as the path traversed by these balls relative to the rest of the fluid before they 
lose their individuality again by mixed with the surrounding turbulent flu id." 
Prandtl ' s interpretation and Equation 3.3-15 agree with the Rooseboom Equation 3.3-6. 
The factor 1/21t in Equation 3.3-6 equals (0,4)2 = ~ with K the Von Karman 
coefficient. In turbulent flow of homogeneous fluids K has been found equal to 0,4 
empirically, confirming the theoretical derivation by Rooseboom. 
The velocity distribution for turbulent flow can now be determined. Again the approaches 
followed by Rooseboom (1975) and Prandtl (1925) will be given: 
Rooseboom (1975) equated Equations 3.3-1 and 3.3-6: 
p (dv)2 pgs (D - y) = - . R2 • -
21t dy 
(3.3-16) 
First it is necessary to determine how R varies with y. In turbulent flow it is not possible for 
fluid layers to slide over one another (as is the case with laminar flow). A thin· element of 
fluid ABCE (Figure 3.3-1) therefore temporarily has to move as a unit. Since the velocity 
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at 0 near the bed equals zero, the only possible means of movement as unit ABCE is th~ough 
rotation around 0. But since the fluid movement is translation in a canal, such movement is 
only possible if the rotation centre point also translates. A small fluid particle at distance y 
from the bed rotates at angular velocity dv and therefore the translation velocity relative 
. dy 
thfied . . . dv to e ix rotation centre pomt is y dy . 
the rotation centre point moves at a speed of 
Translatory flow is therefore only possible if 
dv y-
dy 
Since the rotation centre point is common to all particles in the vertical, 
dv y- = constant 
dy 
with v 0 = speed of the centre point of rotation. 
From Equation (3.3-16) 
and 
Near the bed (D -y) "' D 
dv = J2rtgs (D - y) 
dy R 
= y J2rtgs (D -y) 
R 
and y "' R
0 
= radius of eddies near bed. 
dv 
:. V0 = y dy = J2rtgDs 
From Equations 3.3-16 and 3.3-19: 
:. R = y ~ (D; y) 
and Equation 3.3-18: 
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Integration of Equation 3.3-21 gives: 
v = ./2ngDs ~n [:J (3.3-22) 
with y
0 
= distance from bed, where velocity is mathematically zero . 
Equation (3.3-16) was derived for a cylindrical element with unit width and radius R. If 
eddies can be described by spheres forming between roughness elements at the bed, the radius 
Rv at distance w from the centre point of a sphere is (Rooseboom, 1975): 
~ = R2 - w2 
The effective radius of a sphere is : 
JOR (R2 - w2) dw ReJ/2 = = ~ R 2 
R 3 
:. Reff = 0,8165R 
The effective rotation centre point is therefore at 0, 1835R., 
:. v = Vo = ./2rcgDs = ./2ngDs en (~) 
Ro 




Average velocity (v) can be obtained by integration of Equation (3.3-22) and substitution 
of Equation 3.3-25: 
or 
- 545D 
v = J2ngDs en -'--
Ro 
- 545D 




Stellenbosch University  https://scholar.sun.ac.za
3 - 26 
These equations have the basic form of the Chezy (1775) equation: 
(3.3-28) 
with CH the Chezy coefficient, and agrees well with the semi-empirical relationships such 
as that proposed by Keulegan (1938): 
- 555D 
v = 5,75 JgDs log -'-
Ro 
(3.3-29) 
The radius of spherical eddies forming near the bed (R) is normally described by a 
roughness coefficient (also known as roughness height) ks ( = 2R) equalling the diameter 
of turbulent eddies. In a smooth bed k is a function of sediment particle size on the bed, 
. s 
while as the bed is deformed ks represents the size of eddies that can form in between the 
ripples or dunes. 
Prandtl's (1925) Equation 3.3-15 can be rewritten 
(3.3-30) 
where u. is the shear velocity at a point in the vertical and the variation of shear stress 't 
with depth is given by: 
't = 't L 
o D 
with 't the shear stress at the bed. 
0 
(3.3-31) 
Prandtl substituted 't = 't 
0 
(assuming small friction velocity variation), which allows 
substitution of u. , the mean value of the friction velocity for u • . 
Equation 3.3-30 with Equation 3.3-31: 
Combining 
(3.3-32) 
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Introducing an empirical dimensionless constant K , Von Karrru1n (1948) assumed th_at the 
mixing length satisfies the equation: 
@ = u' -K-
Uii 
(3 .3-33) 
where u 1 and u 11 are the first and second derivations of the velocity relation. Prandtl' s 
assumption for the mixing length can be expressed as: 
Substitution in Equation 3.3-32 yields : 
• = p~y2 (:r 
or dv = JgDs 
dy KY 
Integration yields the Prandtl - Von Karman velocity equation: 
v = JgDs ~n y + c 
K 
with c an integration constant to be determined from conditions at the bed where 
:. v = _! Qn (l'.._) JgDs 
K Yo 





Furthermore, the value of yin Equation 3.3-37 was found theoretically (Simons et al, 1977) k 0 
equal to y 0 = - 8- (by assuming shear velocity at boundary layer between laminar and 
30,1 
turbulent flow equal), almost the same as Equation 3.3-25 
with y
0 
= ~ = _!s__ 
14,81 29,62 
(3.3-38) 
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3.4 Power balance in open channel flow 
Rooseboom (1975) and Streeter (1971) derived the power balance relationship, which will be 
shown later to be of importance in describing the interrelationship between sediment transport 
and bed roughness. 
For a small translating fluid element with dimensions flx, fly and unit width, the average 
velocity and shear stress change over the element is shown in Figure 3.4-1. 
d't' AY fo- .t.x 
-I dv .t.Y 
't•- ·- V+-•-dy 2 dy 2 
1 ~ v dT .t.Y dv .t.Y 't--·- v--·-dy 2 dy 2 
Figure 3.4 - 1 Velocity and shear stress on a fluid element 
When the element translates at average velocity vat a small slopes, the power that is released 
due to gradual decrease in potential energy equals: 
pgsflxfly.v (3.4-1) 
The power shortage of the element equals the work per unit time on the upper surface minus 
the work per unit time on the lower surface of the element: 
( • + : • i) ( v + : • i) flx - ( • - : • i) ( v - : · i) flx 
( dv di:) = i: dy + v dy flx.fly. (3.4-2) 
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Power deficit per unit volume 
dv d-r: 
= 't'- + v-
dy dy 
(3.4-3) 
but -r: pg (D - y) s (3 .3-1) 
Power deficit per unit volume 
dv 
= •- - pgsv dy 
(3.4-4) 
The term -r: dv represents the applied stream power needed to maintain flow, while 
. dy f. d . pgsv is the amount o mput power ma e available as the element translates. 
The stream power distribution is indicated in Figure 3.4-2, and it is especially the shape of 
the applied stream power distribution which will be shown later to be very important in 
predicting equilibrium sediment transport and bedform changes. 
Figure 3.4 - 2 Stream power variation with depth 
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According to the principle of conservation of power, the total input power = total applied 
power (R.ooseboom, 1975): 
JD JD dv . pgsv.dy ;:: •- . dy 
· Yo Yo dy 
(3.4-5) 
which is applicable to laminar and turbulent flows. 
3.5 Transition from laminar to turbulent flow 
According to Rooseboom (1975), the flow against the bed will be either laminar or turbulent 
based on the principle of least resistance, or in other words the least power expenditure per 
unit volume. This power can be represented by the applied power function (, : ) 
0 
which 
has a maximum value near the bed. 
Near a smooth bed, the radius of eddies fitting in between roughness elements on the bed will 
be extremely small and (:) 
0 
ffiy~ will therefore be large. 
Furthermore, the molecular structure of the fluid will limit the minimum dimension of eddies . 
For a given value •
0 
near a smooth bed, assuming 
( • : t laminar ;:: ( • : ) turbulent (3.5-1) 
.. pgs(D-y1) = pgsD ;:: .[fi.fii5S 
µ µ Y1 
:. Yi (3.5-2) 
At elevation YI> (Figure 3.5-1) the laminar velocity equals = pgs Dy 
. . 1 
µ 
::: J2rrgDs 
= translatory velocity of the centre of rotation for turbulent flow. 












Figure 3.5 - 1 Laminar and turbulent velocity distributions (Rooseboom, 1975) 
A laminar layer therefore provides the necessary platform for turbulent flow so that y dv 
dy 
constant, as described in Section 3.3. 
The value of y
0 
(theoretical distance from bed, where v = o) should be related to the size 
of eddies in the transitional zone between laminar and fully developed turbulent flow. 
The "effective rotational radius" R for laminar flow can be found by equating shear stresses 
(Rooseboom, 1975): 
(3.5-3) 
' R = ~ ~';;: 
or y oc ~ 
0 gDs 
(3.5-4) 
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Nikuradse (1932) found y
0 
= 11,6 " 
104..jgDs 
for pipe flow . 
In the case of a laminar sublayer over a rough bed, y
0 
is determined by the combined effect 
of the laminar sublayer and the bed roughness. When y1 is _small in relation to bed 
roughness, the size of eddies near the bed will be determined by the dimensions of these 
roughness elements. 
3.6 Turbulent velocity distribution for uniform flow over a movable bed in alluvial channels 
In alluvial sand-bed channels, the flow is generally hydraulically rough. Because the bed 
configuration is a function of the interaction of fluid , flow and bed material , the resistance 
to flow is not independent of viscosity as for rigid boundary flow in the hydraulically rough 
region (Simons et al, 1977). 
Experimental evidence presented by Vanoni (1960) showed that for the same discharge, the 
average velocity for sediment-laden flow is larger and the velocity distribution is less uniform 
than that for clear water flow (Figure 3.6-1). In this case, K is substantially reduced by 
the suspended sediment and the turbulent intensity is damped. 
Einstein et al (1954) stated that the energy dissipation per unit time and unit weight in 
supporting sediment suspension must come from the vertical components of turbulent 








0 1 .0 2.0 3.0 4.0 
VELOCITY, fps 
d = 0.295 ft 
0.03 >----+-+-+-<--+ $ = 0.0025 
1.0 2.0 3.0 4.0 
VELOCITY, fps 
Figure 3.6 - 1 Velocity profiles for clear-water sediment laden flow (Vanoni, 1960) 
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with C = average suspended sediment concentration per weight 
w = settling velocity 
v = mean flow velocity 
L = summation over all particle sizes in suspension 
An empirical form of this relationship (Equation 3.6-1) is shown in Figure 3.6-2. 
(3.6-1) 
Chien (1954) suggested that the logarithmic velocity distribution equation originally derived 
for clear water flow is no longer adequate for sediment laden flow. A new equation for 
alluvial beds was developed by Einstein et al (1955). By including the sediment particles in 
the exchange mechanism, 
(3 .6-2) 
where Pm = density of sediment-laden water 
0.40 /\ AA• 
0.35 
I I . j ,, I · I • 
x_ lxxx!KO xi ,_ ~ -~~· x re 
............ 1 -
0 'X x '() ::>~~ >::{ x x ,, 
• x 
x P1&f 'f x ~ 0 >::{ y 
.. 0 ~ T x 0.1 Omm } Ismail Xx >O e o 0.16mm ~ 
• Vanoni 
" 
~ Kalinske and Hsia ): 
- ..., o~ 
ai 1,55mm} 0 t' p 0.94mm Chien ~ K + 0.27mm ~ 0 
'--
0 ~ 
Biver Measurements !5' . \ 
e 1952 Missouri River [\ 






Csw {Ps -P) 
:E vs p 
Figure 3.6 - 2 Effect of suspended load on Von Karman coefficient (Einstein et al., 1954) 
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Combining Equation 3.6-2 with 3.3-37 gives an experimental approximation of the veJocity 
distribution: 
v 23 y 
= 17 ,66 + -'- log --"-----
" 35,45k~ 
(3.6-3) 
with " from Figure 3.6-2. This relationship is shown in Figure 3.6-3 and is valid when 
L > 0,012 
D 
In 1972, Einstein and Abdel-Aal established a diagram for determining " which takes the 







fall velocity of d35 size sediment, 
flow discharge per unit width, and 
energy gradient 
(3.6-4) 
Figure 3.6 - 3 Velocity distribution of clear-water and sediment laden flow (Einstein, 1955) 























0.0001 ...__....__ _ _,__ _ _J...._ _ __..!....._--.!....__J 
0 0.1 0.2 0.3 0.4 0.5 
Kappa 
Figure 3.6 - 4 Von Karman coefficient prediction (Einstein and Abdel Aal, 1972) 
What makes this relationship so useful is that the same velocity distribution as with a rigid 
boundary applies : 
_v_ = 2,30 log (30,2yx) 
JgDs K ks 
(3 .6-5) 
with x = a correction coefficient 
and v = 2,30 log (30,2 D x) 
JgDs K ks 
(3 .6-6) 
The change in velocity distribution with a movable bed can be described in terms of the 
principle of minimum stream resistance, which means that sediment will only be transported 
if resistance is lowered (or stream power is reduced). 
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. In homogeneous flow, the velocity distribution is given by 
(3.6-7) 
1 
with K - -- = 0,4 in fully developed turbulent flow without sediment transport. 
fin 
Since y dv = constant = ../ gDs = v 
0
is the basic relationship for turbulent flow , a reduction 
dy K 
of K results in a decrease in resistance. Figure 3.6-3 shows that in the case of sediment 
transport, only the upper part of the flow velocity distribution is logarithmic. In the lower 
part, a layer with pseudo-laminar flow is found with a lower value of (, : ) 
0 
than if the 
flow were also turbulent. 
The formation of ripples and dunes with sediment transport can of course also increase the 
rotation radius of eddies near the bed, with resultant decrease in (, : ) ~ 
An interrelationship between sediment transport, bed roughness and "damping" of turbulence 
(or energy dissipation) seems to exist: 
Considering the general logarithmic velocity equation for turbulent flow: 
(3.3-26) 
sediment transport leads to (Rooseboom, 1975): 
a) an increase in velocity of the rotation centre point for turbulent flow, giving an 
increased flow velocity; 
b) a decrease in applied power per unit volume near the bed by 
formation of a pseudo - laminar boundary layer, 
deformation of the bed, 
resulting in a decrease in average flow velocity. 
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3.7 Vertical distribution of suspended sediment concentrations 










concentration at distance y above the bed 
settling velocity of particles 
Von Karman constant 
JgDs = shear velocity 
depth of flow 
Rooseboom (1975) derived the same relationship above from stream power principles. 
Consider a cylindrical eddy element with radius R and rotating with an angular velocity 
distribution of dv. An element in the cylinder with area ~ = Ar.r.A« rotates at constant 
velocity : an~ constant radius r . _As the element moves down, C increases , and if it 
moves up, the sediment concentration decreases (Figure 3.7-1). 




The applied power required to change the sediment concentration at any moment equals the 
rate of change of kinetic energy of the element: 
(3.7-2) 
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with I = 
= 
Moment of inertia of element around axis 0 
Mr2 and M = mass of element 
:. p = (dv)2 r 2 • dM 
. dy 2 dt 
:. M=pdA +(ps -p)CAA 
.dM dC dC dy 
:. - = (ps-p) - • AA = (ps-p) - . - . AA 
dt dt dy dt 








doc dv but - = -
dt dy 
(dv)2 r 2 dC dv :. P= dy . 2 . (Ps -p) dy . r(cosoc) dy . rdrdoc 
1 Jn JR (dv)3 :. p = 4 . 2 0 '2 odJ r4 (ps -p) cosoc dr doc 
(dv)3 ( _ ) 4Rs dC dy Ps P dy 
10 1t R 2 
1t R2 
If it is assumed that • = _e_ R2 (dv)2 is also applicable here, then 
21t dy 
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An element with area AA takes time 2rt/(dv/dy) for one revolution, and the settling di~tance 
at settling velocity w therefore equals 2rt/(dv/dy) · wif no work was done for suspension. 
Therefore at average concentration C, the power required is: 
2 (dv)
2 
= "3 (ps-p) w y . C.R (3.7-8) 
Equating Equations 3.7-7 and 3.7-8: 
_i ' dv (ps-p) . dC . R = ~ (p -p) w (dv)2 C.R 
5 dy p dy 3 s dy 
. dC _ ( 10) ./Fi w D.dy 
.. C - U JgDs . y(D-y) (3.7-9) 
This equation is identical to the Ippen (I 969) equation except for the factor ( !~) . 
S b · · th {2i . w "th th I . d th . I . " u st1tutmg e term ./gDs w1 z, e ve oc1ty at any ep m re at10n to a re1erence 
concentration Ca at distance a from the bed can be determined: 
C _ (D-y a )z, 
Ca - y. D-a (3.7-10) 
with Z1 =( !~} , which gives a better fit of data compared with the diffusion theory as 
indicated in Figure 3.7-2. 
With low values of z the vertical concentration variation is small, while at high values of z, 
the variation in concentration with depth is large. (Figures 3.7-3). Large z values are often 
related to so-called bed load transport, although it is now believed that the separation of 
suspended load and bed load in predicting sediment transport is not necessary, since the 
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principle of conservation of stream power can describe the whole spectrum of sediment 
transport conditions . 
...... 
N () 
2 Flume Studies 1---~---;f--~___...._.....,..,._~~~---+--~ -+-< • Vanoni 
1 
0 
0 1 2 3 4 
z 
Figure 3.7 - 2 Theoretical versus measured z values 
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~ = 0.05 °·1 Bottom-........~ 00L__OL.1::::0=.2~0~.3;;;;;;;0~.4;;;;;;;;;;0~.5~0~.6~04.7.;;:::0~.~8~0~.9~1.0 
r ..... _.., .,,.d,. 
RELATIVE CONCENTRATION, ga 
Figure 3.7 - 3 Variation of z values with suspended load distribution 
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3.8 Sediment transport theory: total load 
Several total load sediment transport equations have been developed in the past, of which 
quite a number are based on principles of stream power. 
Rooseboom, (1975) proposed a relationship based on the vertical velocity concentration 
distribution and an assumption regarding input stream power. 
From Equation 3.7-10, taking the reference concentration at distance y
0 
from the bed, 
where the velocity mathematically equals zero: 
C _ (D-y Yo lz1 
Co - -y- . D-yo 
(3 .8-1) 
The suspended sediment concentration at any level is therefore proportional to the stream 
power to the power z1: ( (, dvl.r' l · If suspended sediment moves at the same velocity as 
surrounding fluid, the sJ1m~ load per unit width qs , is given by: 
qs =JD C.v.dy 
yo 
(3.8-2) 
No direct solution exists for Equation 3.8-2, although solutions have been proposed such as 
by Einstein (1950). With a number of assumptions, a reasonable solution is possible, however. 
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Assuming velocity constant across the section (v) and incorporating a correction factor ee1: 
A next assumption: •- dy - D t-JD ( tfv)l1 _ ( tfv)l1 yo dy dy 
and (, : ) pgsv. With q = vD, 
q 
or 
which has the same form as the equation proposed by Yang (1972) : 





Since C0 is proportional to ( • : r and ee1 and oc2 should not vary too much in 
practice, the last term in Equation 3.8-5 was found not to vary much (Yang, 1973) and can 
therefore by taken as a constant in practical applications. Non-uniform sediment transport 
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can be predicted by Equation 3.8-6 when oc and O< contain functions with settling velocity 
3 4 -
and/or particle size. 
3.9 Interrelationship between sediment transport, bed roughness and energy dissipation 
In this chapter the principle of applied stream power will be used to describe the sediment 
transport process under movable bed conditions, as well as its interrelationship with bed 
roughness and energy dissipation. 
For equilibrium sediment transport conditions under steady, uniform flow conditions, when 
the power applied to maintain suspension near the bed is equated with the power required to 
suspend sediment particles as well as for fluid transport, the following relationship is found: 








= sediment concentration near the bed, where the velocity is mathematically = 0. 
The two terms on the right of Equation 3.9-1 represent the stream power required for 
movement of fluid and the power required for suspension of sediment respectively. To verify 
Equation 3.9-1 with laboratory data, it can be rewritten as: 
30pgsD{iDs (_!_ __ 1_) = (p -p)gw.C 
ks K 0,4 s o 
(3 .9-2) 
No laboratory data exist for C0 , since it is impossible to measure concentrations at the 
height y
0 
above the bed, which is very small (in the order of 10·1 mm). Concentration data 
of suspended sediment taken close to the bed were, however, used as a first check on the 
validity of Equation 3.9-2. (see Figure 3.9-1). 
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Figure 3.9 - 1 Applied power versus suspended power relationship 
As C0 values increase, K values decrease while ks values increase in the data used in 
Figure 3.9-2. The effect of the ks increase is, however more pronounced than that of the 
K decrease and therefore the applied power (horizontal axis in Figure 3.9-1) decreases with 
increase in (ps -p)gwC0 (Figure 3.9-1). The data used are those that of Wang et al 
(1992) (plastic pellets) and Einstein et al (1953). Unfortunately the tests were only carried 
out with high Froude numbers (Fr), all greater than 1 and mostly in the order of Fr = 2 and 
shallow depths(± 10 cm) in order to get high suspended sediment concentrations. Although 
it does not provide a good enough basis for establishing the above relationship over a wide 
range of hydraulic conditions, the general picture is clear. 















0 5 10 15 20 25 
SEDIMENT CONCENTRATION Co (%) 
Einstein 
d50{mm): 
--- 1.3mm -+- 0.94mm -e- .274mm 
ks( mm) 0.3+-JM~L-!~~~~~--..;,;.,;...~~~~~~~~~~~~~~~~~~~~~-j 
0 5 10 15 20 25 30 
SEDIMENT CONCENTRATION Co (%) 
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The use of applied stream power in Equation 3.9-1 is valid since the vertical distributJon of 
applied power is such that the maximum power is applied along the bed and is also 
representative of the total power (see Figure 3.4-2). 
From Figure 3.9-1 it is also clear that applied power is minimized as sediment transport 
increases, which proves the statement in Chapter 3.6 that a stream will only transport 
sediment if applied stream power is lowered. 
ltakura et al (1980) proposed a similar expression as Equation 3.9-1. 
dv 
















3 3 Bpv. pv. 
+ - -+-- (3.9-3) 
tl KY 
= the applied power due to pressure fluctuations 










-p)gwC , at distance y above the bed; 
rate of energy dissipation through motions of suspended 
sediment such as rotation, rectilinear motion relative to the 
fluid , collision, reduction of effective space to dissipate 
energy into heat; 






specific weight of sediment 
The first and second terms on the right hand side of Equation 3.9-3 were considered 
proportional to each other, and combined as in Equation 3.9-4: 
dv p(gsD)1.s 
't dy = oc(ps -p)gwC + KY 
with oc = "Monin-Obukhov coefficient" in meteorology 
(Monin-Obukhov, 1973; Turner, 1973). 
In clear water flow, the second term of Equation 3.9-4 should be zero. 
(3.9-4) 
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From Equations 3.9-3 and 3.9-4, ltakura et al (1980) showed that: 
(3.9-5) 
Webb (1970) found from observations of data of wind velocity over the ground that ex: = 5. 
ltakura used average suspended sediment concentrations (as opposed to the data of Webb who 
used near bed concentrations), to calibrate ex: = 7. 
The vertical suspended sediment concentration distribution can be derived from 
Equation 3.9-5 and the diffusion theory: 
The kinematic eddy viscosity, Em, is described by: 
dv 2 ( 1 _]:'._ ~ 
't = p E - and E = V _[__Ql 
mdy m • dv (3.9-6) 
dy 
Assuming the dispersion coefficient of suspended sediment, E., equal to the kinematic eddy 
viscosity, then from Equation 3.9-5 and 3.9-6, it follows that: 
E =KV y (i-1:'.. Yl+ocD .1:'._)-l 
s • DJ\ L D 
(3.9-7) 
Substituting Equation 3.9-7 into Equation 3.9-8 which gives the equilibrium for suspended 
sediment, the suspended sediment distribution (Equation 3.9-9) can be derived: 
dC E-+wC=O 
s dy 
- = - l+oc- 1-- dy dC -w ( y) ( y )-t 
C 'KV;.Y L D 
(3.9-8) 
(3.9-9) 
Equation 3.9-9 has the same form as the expressions derived by lppen (1969) and Rooseboom 
(1975): 
lppen: dC w D • dy = - • 
c KV• y(D-y) 
Rooseboom: dC w 10 D . dy (3.7-9) 
--
c KV• 12 y(D-y) 
Stellenbosch University  https://scholar.sun.ac.za
Integration of Equation 3.9-9 yields: 








3 - 48 
(3.9-10) 
The classical concentration distribution Equation 3.7-10 is a particular form of 
Equation 3.9-10 when ·<1>2 = O 
Equation 3.9-10 can also be written as: 
(3.9-11) 
which is similar to Equation 3.8-1. 
Equation 3.9-10 has been successfully calibrated with data (ltakura et al, 1980). 
Now that it has been established that the stream power balance Equation 3.9-4 can describe 
the suspended sediment distribution, is it possible to derive an expression to. describe the 
energy dissipation (Kappa). 





(~ Z),kar (3.9-12) 
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Assuming average stream power and suspended sediment concentration, and using data for 
sediment transport: 
(' dvdy) = (pgvs)mii~nt 
clear 
(3.9-13) 
0,4 (Ps -p)gwC 






+ 2,5 = 
K o,4 pvs 
(3.9-15) 
which is similar to the expression 3.6-1, derived by Einstein et al (1954), and derived from 
a sound theoretical basis. 
Vanoni and Nomicos (1960) argued that most of the "damping''. effect of sediment on the 
turbulence occurs near the bed and related Kappa to the ratio of power required to suspend 
the sediment in a thin layer near the bed, to the power required to overcome frictional 
resistance: 
(3 .9-16) 
with ey211 = average sediment concentration between Yz and y1• 
Equation 3.9-16 was calibrated successfully with data and indicates that the use of applied 
stream power, which is a maximum near the bed, could be a successful predictor of the 
relationship between energy dissipation and bed roughness as given in Equation 3.9-12. At 
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with c ::: mean suspended sediment concentration 
Equation 3.9-17 is shown graphically in Figure 3.9-3 with data with observed Kappa values. 
The data of Wang et al, (1992), Einstein et al. (1953), Abdel-Aal, Barton and Lin 1955), and 
Vanoni (1959) have been used. The ks -values are calculated from: 
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Figure 3.9 - 3 Interrelationship between JC and k. described by applied stream power 
v I 
0.4 
Figure 3.9-3 indicates that Equation 3.9-17 can be used to predict energy dissipation 
(Kappa), without calibration since it is based on fundamental theory. The assumption of 
using average sediment concentration rather than near bed concentration data in 
Equation 3.9-17, can be one reason for the data scatter in Figure 3.9-3. Kappa values 
exceeding 0,4, have been observed in clear water flow, while the assumption here was to use 
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the theoretically derived K = 0,4 for clear water flow. With sediment transport, the ~-data 
of Einstein are much higher than the predicted values and it seems as if a certain physical 
minimum K>O is approached. The use of near bed concentrations might increase the 
prediction accuracy of Equation 3.9-:17. 
The change in bedforms and associated bed roughness, energy dissipation at the bed, and 
sediment transport will be discussed next. When sediment motion starts, the bedforms rapidly 
develop from a plane bed to ripples to dunes with increasing ks as C increases. K-values 
also decrease to some extent, but the change in k is dominant in minimizing the applied 
s 
power function. It is assumed that the flow conditions vary from laminar to turbulent with 
a laminar boundary layer in this so-called lower regime. The lower regime is associated with 
subcritical flow conditions with bedforms ranging from a smooth bed to ripples to dunes as 
the flow increases. At higher discharges the bedforms are washed away in the transition 
regime, followed by the formation of antidunes in the upper regime. The latter regime is 
associated with supercritical flow conditions. 
As the thickness of the boundary layer decreases with increasing turbulence, in the lower 
regime sediment particles at the bed are more and more susceptible to suspension since 
settling velocities in the turbulent layer are much lower than in the laminar layer. A certain 
stage is therefore reached when the laminar layer is probably washed away completely, 
causing a rapid suspension of sediment in what is known as the transition phase. All 
bedforms are washed away and a smooth bed appears in this transition phase with 
0,8< Fr <l,O (approximately). 
Once through the transition phase at Fr > 1,0 (approximately), antidunes develop in the 
upper regime causing an increase in bed roughness, and it seems as if the whole process is 
repeated again, starting from plane bed to dunes, as in the lower regime. (See Figure 3.9-4). 
Le Grange (1995) in fact postulated that a laminar layer also develops at the bed during 
antidune development as reason why similar bedform patterns as with the lower regime are 
found and why the bed sediment is not washed away. The importance of the Von Karman 
K coefficient was, however, not considered in his evaluation. 
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Figure 3.9 - 4 Sediment transport, bed form regimes and energy dissipation 
At the onset of the transition regime, bed sediment is suddenly suspended and the 
K coefficient rapidly decreases at the same time from say 0,35 (dunes) in the lower regime 
to say 0,2 (or even less) in the transitional regime. This almost doubles the applied stream 
power and therefore the sediment can be maintained in suspension. At the same time, 
excessive sediment transport and scour are limited by increased bed roughness (ks) 
thereby reducing the applied power. 
Upper regime flow conditions are highly turbulent, with antidunes moving in phase with the 
water surface. During reservoir flushing antidune formation has been observed at a number 
of reservoirs during retrogressive drawdown erosion conditions. A good example is shown 
in Photograph 3.9-1 of Phalaborwa Barrage, during flood flushing with a throughflow of 
900 m3/s, February 1996. 
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Photograph 3.9 - 1 Phalaborwa Barrage flood flushing and antidune formation (1996) 
In rivers where sediment availability is not limited , such as in the Yellow River, China, 
hyperconcentration sediment transport is experienced with sediment concentrations mostly 
higher than 300 kg/m3, but concentrations exceeding 1 000 kg/m3 have also been experienced 
(Wu, 1994). A further interesting phenomenon of hyperconcentration flow is that within the 
same channel, under turbulent flow conditions and with sediment concentration < 30 kg/m3, 
sediment is deposited while at hyperconcentration of 800 kg/m3, no deposition occurs! (Wu, 
1994). With hyperconcentration flow , the flow structure changes to laminar conditions and 
the viscosity effects dominate. In Figure 3.9-4 it was shown that hyperconcentration flow 
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could follow from the upper regime. In reality, with high, fine sediment availability, 
hyperconcentration flow probably starts immediately after the transition regime. Although 
it is possible that hyperconcentration flow can occur in reservoirs during flushing operation, 
South African reservoir data indicate sediment concentrations mostly less than 300 kg/m3 and 
it would therefore seem that critical conditions for mass erosion of cohesive sediments limit 
sediment availability. 
With rapid pool drawdown, hydraulic overpressures leading to mass failure with resulting 
hyperconcentrations have been experienced at the Mbashe weir, South Africa, with relatively 
low flow conditions. See Photograph 3.9-2. 
Photograph 3.9 - 2 Mbashe Reservoir hydraulic overpressure low flow flushing 
One may argue that according to the modified Liu diagram (Figures 3.15-1 and 6.2-1), sand 
particles less that 2 mm diameter will be suspended once outside laminar conditions and that 
in the antidune regime there should therefore exist a laminar (or perhaps pseudo-laminar) 
layer near the bed to facilitate the formation of dunes. In fact, the K value approaches a 
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minimum value and the concentration a maximum value (for specific boundary conditions), 
and the latter therefore limits further increase in suspension at the bed (by creating 
equilibrium suspension and deposition). 
This is illustrated in Figure 3.9-5 in which bed roughness (k) , K and Fr are plotted. 
K decreases as Fr approaches the transition regime at Fr>0,8 while ks increases when 
Fr> 1 or Fr<0,8 (out of the transition zone). (Unfortunately the bedform regimes have not 
been reported in all of the flume data and therefore the Froude number had to be used here 
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3.10 Derivation of a new sediment transport equation 
In this section the aim is to derive a new sediment transport relationship from basic 
principles. The proposed relationship is based on integration of the suspended sediment 
relationship (Equation 3.8-1) and the description of the reference concentration by using the 
applied power function (Equation 3.9-1) evaluated in Section 3.9. 
Average sediment concentration is obtained by integration of Equation 3.8-1 with the 
assumption that the total aJ?plied power equals the applied power at the bed: 
(3.10-1) 
In order to solve this equation, the integral and c still need to be solved. 
0 
The integral 
term is, however, only numerically soluble and several researchers, of which Einstein was 
probably the first, have adopted this approach. 
The basic form of the solution of the integral is a function: 
f D (D-y)Z dy ·= j (z;_5_] yo y 30D (3.10-2) 
and since the final sediment transport equation is to be calibrated with data, it was decided 
not to use numerical integration, but rather the two terms on the right-hand side of 
Equation 3.10-2 with calibration coefficients obtained from data regression. 
Equation 3.10-1 therefore becomes: 
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(3.10-3) 
The reference concentration (C) at a distance y
0 
from the bed, where the mathematical 
velocity equals zero, can be described by applied stream power as given previously in 
Equation 3.8-1. By taking the second term of Equation 3.8-1 as constant (stream power 
required for clear water flow), the following is obtained: 
. C "" _3_0.:....p(g-=-sD-')_1·_5 
•• 
0 tls(Ps -p)gw 
(3.11-1) 
Substitution of C0 into Equation 3.10-3 produces the final equation for total sediment 
transport. 
- p (gsD)1.S ks . ks ( lz ( l Coe-- -- fz-( P, -pl K.k,.w 30D · ' 30D (3.11-2) 
with w = settling velocity describing the viscosity of the fluid as well as particle diameter. 
Before proceeding to a description of the calibration of this new sediment transport equation, 
it is of interest to take note of previous researchers who have derived (sometimes from rather 
crude assumptions without any sound theoretical basis) equations for sediment transport with 
structures similar to the one proposed here. 
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3.12 Comparison between the new applied stream power sediment transport equation and 
work by other researchers 
a) Laursen's method 
La,ursen (1958) considered the following parameters important in total load transport: 
J gDs; .E:...; C in per cent by weight; and the ratio of grain shear stress -r ' to critical 
w D 0 
shear stress -r : 
DC 
-
c =t(~) (3.12-1) I 
(d)1/6 't - (-0 - 1) D -roe 
2dV3 
with -r~ = _v __ and -r from the Shields curve (Shields, 1936), 
30DVs DC 
and d =Sediment particle size 
This relationship is indicated in Figure 3.12-1 based on experimental data 
Studies of the application of Laursens equation to field data showed good agreement in some 
cases (Laursen, 1958), while Bondurant (1958) and Garde et al (1963) reported differences 
with observed concentrations exceeding a factor of 4. 
Comparison with Equation 3.11-2 shows that Laursen also used the v* relationship, 
w 
which from detailed evaluation of Equation 3.11-2 proves to be quite an important 
parameter. Secondly, Laursen proposed the use of (~) , compared to (~) in 
Equation 3.11-2. In flume experiments k/·d for a range of experiments, out definitely 
not for dune regimes and field conditions. By bringing in the velocity v 
compensated to some extent for the roughness parameter. 
, La,ursen 
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Figure 3.12 - 1 Laursen's total load relationship 
b) Garde and Alberlson (1958) 
In their discussion of Laursen 's paper, Garde and Albertson proposed a total load equation: 
(3.12-2) 
with TJ a function of sediment size = f ( :d) (Garde and Dattatri, 1963) 
v .D _1_ = I ( D. .!.)1,S 
v c'/a d' T) (3.12-3) 
All these terms are present in Equation 3.11-2, but again no account is taken of bed 
roughness or the change in K values. 
c) Garde et al, (1963) 
When considedng the functional form of some bed load equations, it is possible to predict 
total load (qT) . See Figure 3.12-2. 
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Garde's total load relationship 
(3.12-4) 
This relationship, together with flume data compiled for this research, shows that the 
correlation is not as good as indicated by the original authors, probably since only a part of 
the applied power expression in Equation 3.11-2 is used (vJw) . 
d) Iwagaki 
Iwagaki., using Einstein's method, showed that the following functional relationship can be 
used for the total load: 
(3.12-5) 
This is almost the same expr~ssion as proposed in Equation 3.11-2; the applied power term 
' 
with roughness k is present, the roughness to total depth relationship and settling velocity 
s 
can be found. It is only x and z that are not addressed directly, but they could of course 
be taken into account indirectly in the ks , V* and w parameters. Iwagaki indicated 
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that the above relationship assuming ks =1 (plane bed) and wd 10 , yields a_ good 
relationship for sediment transport whe~ calibrated with data. v 
3.13 Evaluation and calibration of the new sediment transport equation 
The new sediment transport relationship provides all the necessary parameters to investigate 
the change of bed conditions (ks) , the dissipation of energy (K) , and the vertical 
distribution of suspended sediment (z) with sediment transport. Calibration and evaluation 
of Equation 3.11-2 was first of all required to check its validity against laboratory (flume) 
data and to understand the interrelationship between sediment concentration, setting velocity, 
bed roughness, Von Karman coefficient and the importance of other terms in the equation. 
The following steps were followed in calibration: 
• Calibration with laboratory (flume) data with separate particle sizes ( K unknown· 
= 0,4). 
• Calibration with all laboratory data together with K unknown and taken as 0,4. 
• Calibration with field (river) data ( K unknown). 
• Comparison between field (river) and laboratory data calibrations. 
• Calibration with RSA reservoir data and comparison with river/flume calibration. 
• Calibration of dimensionless new sediment transport equation with laboratory data·. 
The slope s1 is usually given and was measured, or else assumed equal to the bed slope 
since most flume studies are carried out under uniform flow conditions with equilibrium 
sediment transport and bed deformation. All other parameters are measured data obtained 
from flume experiments. 
For calibration and evaluation purposes, the terms in Equation 3.11-2 were grouped into five 
groups, in order to evaluate their relative importance in the equation. 
c - f . . . . - [ p (gsD) l.S 1 1 ks w ) 
- (p_,. -p) • Kk.,.• w • 30D' ~ (3.13-1) 
*Note: Unfortunately sediment-related data with observed JC-values are limited. For the main 
calibration therefore of Equation· 3.11-2, k. values had to be calculated assuming 
" = 0,4. The value of k. calculated in this way will, however, include the effect of 
the actual " value, and as long as " = 0,4 is used in applying the equation, no 
problems should be experienced. 
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with k calculated from: 
$ 1 ~ 12Dl r;;n;-v = - -- ygDs1 1C ks 
1 (p -p)gd2 
w = s ford <0,1 mm (Stokes range) 
18 v 






In flume experiments (except in special cases), wash load is absent and the total load would 
be the bed material load. On the other hand, in natural streams and especially in reservoirs 
the so-called wash load is often present and the total load is the summation of the bed material 
load and the wash load. Therefore the above-mentioned difference in the nature of laboratory 
and field data makes it difficult to unify the total load data collected in the laboratory and in 
the field. However, the majority of total load relationships are based mainly on flume data 
and hence can be expected to yield the bed material load. At this stage it is expected that the 
new sediment transport equation (or most sediment transport relationships) would 
underestimate river sediment transport data when calibrated only with laboratory data. 
3.13.1 Calibration with laboratory (flume) data 
Several laboratory data sets are available in the literature. One of the data sets that is perhaps 
the most well-known was compiled by Guy et al (1966). Their data with other data were 
used to verify and evaluate the new sediment transport equation. A number of assumptions 
were made: 
a) Flume data with width/depth ratios larger than three were used to ensure that side-
wall effects are excluded from the data. 
b) Only sediment data for d50<1 mm were used in the analysi1s. Although the new 
transport equation is applicable to all sediment sizes, smaller sediments are mostly of 
concern in reservoir sedimentation processes. 
c) a50values of sediment particles were used as a representative reference size. This 
is the normal approach used by most researchers since the median diameter closely 
represents the 11 effective 11 diameter of sediment calculated from the summation of 
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proportional representation (p) of sediment setting velocities :Lpw in a sediment 
grading curve, because the particles used are more or less uniform in size. 
d) The roughness coefficient (ks) is calculated from: 
- 1 12D 
v = -ln(-)JgDs 
K ks 
(3.13-2) 
and K = 0,4 
(Unfortunately most data do not indicate the actuak values, and therefore the 
calculated k value with K = o 4 represents the combined effect of the roughness s , 
and energy dissipation effect). 
(e) The proposed sediment transport equation is first split into three terms as in 
Equation 3.11-2: 
c = ·f -· - ( p (gsD)
1
.S ) (ks w ) 
(ps -p) 0,4ks W D' 0,4JgDs 
(3.13-5) 
This empression resulted in excellent correlations with uniform particle size sediment 
transport data, but poor fits of the data were obtained when non-uniform (more than 
one particle size) sediments were calibrated. The solution seemed to be that the 
settling velocity should be separated as term from the other terms in the equation. 
The proposed sediment transport equation is therefore split into five terms: 
c -J . . . ·---- ( p(gsD)1•5 1 1 D w ) 
- (ps -p) '0,4ks' w' k/ 0,4JgsD 
(3.13-6) 






= regression constant and coefficients. 
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The data were analysed separately first to check for any inconsistencies for a specific 
sediment size set of data. The result of this analysis is indicated in Table 3.13-1. 
Table 3.13-1: New sediment transport equation calibration with laboratory data of Guy 
Correlation 
Data source d50(mm) No data Coefficient 
r2 
Guy 0,19 34 0,95 
Guy 0,27 18 0,98 
Guy 0,28 35 0,96 
Guy 0,45 43 0,93 
Guy 0,93 36 0,92 
Guy 0,32 29 0,98 
Guy 0,33 13 0,94 
Guy 0,33 (graded) 15 0,97 
Guy 0,47 54 0,92 
Guy 0,54 36 0,83 
Guy All 315 0,813 
Guy All (C>0,01 %) : 0,19 mm 171 0,920 
(graded) to 0,33 
From Table 3.13-1, it is clear that the correlation is good (r2 minimum = 0,83 and in most 
data sets close to 1). However, when plotting the observed sediment concentration versus 
regressed concentration, it is evident that for each sediment diameter data set the lower and 
upper concentration data follow different slopes. At approximately C observed = 0,01 % 
(100 mg/£) the change in slope occurs. This has also been found with data of Gilbert (1914) 
. and where KValues were known, and in the Yang (1973) equation, using input stream power 
as independent variable. The regression can therefore be improved by using two lines for 
lower and upper concentrations. More important, however, is to understand why this occurs. 
The best explanation is the change in hydraulic conditions from laminar to turbulent with 
laminar sublayer to fully turbulent in the transition and upper flow regimes. In laminar 
conditions (and low sediment transport), settling velocities are much higher than in turbulent 
conditions. In the regression equation used here settling velocity is only a function of 
viscosity, for a specific sediment diameter,. whether flow is in the laminar or turbulent phases. 
The proposed regression therefore cannot be applied to all data unless different w values 
are used for laminar and turbulent flow conditions, or, on the practical side, two regression 
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lines need to be used. From Figures 3.13-1 to 3.13-5 it would seem that C = 0,0! % 
(100 mg/£) can be used as a minimum value for the upper . concentrations, which is a 
relatively low concentration for South African field conditions. In all further data analyses 
C> 0,01 % values were used in calibrating the new sediment transport equation. Even if 
a lower C<0,01 % regression was attempted, it would not be very reliable~ owing to the 
amount of scatter indicated by the new equation which could possibly be attributed to limited 
data and less accurate C observed values at such low concentrations. 
Combining the Guy data for C>0,01 % yields a correlation coefficient = 0,92. As a next 
step data of Gilbert (1914) was analysed. The same assumptions as with the data of Guy 
were followed , but the viscosity was not observed in the original tests and is taken as 1 o-6 in 
the analysis (Table 3.13-2). 
Table 3.13-2: New sediment transport equation calibration with laboratory data of 
Gilbert 
Data source dso (mm) No observations Correlation 
coefficient r2 
Gilbert 0,3048 63 0 ,97 
Gilbert 0,375 201 0,93 
Gilbert 0,506 227 0,95 
Gilbert 0,786 110 0,98 
Gilbert All 617 0,94 
As seen in Table 3.13-2, the regression analysis for Gilbert's data agrees well with that for 
Guy's data and correlation of the parameters in the new sediment transport equation is good. 
The data of Gilbert and Guy can now be combined into one regression analysis of laboratory 
data (with C>0,01 %). (Table 3.13-3) 
Table 3.13-3: New sediment transport equation calibration with data of Guy and 
Gilbert 
Data source No observations Correlation 
coefficient r2 
Gilbert and Guy: all data 932 0,92 
Gilbert and Guy: C>0,01 % 787 0,94 
The correlated function is shown in Figure 3.13-5, and no inconsistencies between the two 
sources of data seem to exist. 
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Figure 3.13 - 4 Calibration of new sediment transport equation with data of Gilbert 
(d = 0,375 mm) 
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Calibration of new sediment transport equation with data of Guy and 
Gilbert (d < 1 mm) 
The separation of the settling velocity (w) from the originally derived new sediment transport 
equation (Equation 3.11-2), has proven to be very important in the calibration process to 
describe non-uniform sediment transport. With w part of the applied stream power function 
as in Equation 3.11-2, accurate calibration for only a single sediment particle size can be 
carried out. Yang (1973) experienced the same problem when calibrating his input stream 
power sediment transport equation and had to incorporate settling velocity in a term ( :d) . 
Flume data from other sources still need to be added, but at this stage it will be advisable to 
evaluate the new sediment transport equation with field data. 
3.13.2 Calibration with river data 
For calibrating the new equation with field (river) sediment transport data, reliable data 
(which are difficult to find) had to be obtained. The data published by Bagnold (1966) for 
United States rivers were selected for this purpose, since this data were also selected as 
accurate data by Leopold (1966). For the field data, the settling velocity was calculated by 
Bagnold as Lpw of different sediment size fractions, and not the d50 settling velocity. 
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Table 3.13-4: New sediment transport equation calibration with river data 
Data Source No of Observation Correlation coefficient r2 
Bagnold (all data) 127 0,82 
The correlation coefficient for the Bagnold data is 0,82 (fable 3.13-4), while that found with 
Guy and Gilbert flume data was 0,94 (C>0,01 %). The correlation is shown in 
Figure 3.13-6. No obvious inconsistencies exist and considering the many uncertainties 
regarding field data, the correlation is good. 
The questions are now whether field sediment transport should be deternlined from the more 
reliable laboratory data base alone, as is done by using the Yang (1973) equation, or whether 
the field and laboratory data should be combined to obtain a single relationship. This can be 
checked by applying the flume calibrated relationship to river data as is indicated in 
Figure 3.13-7. The scatter in field data seems slightly more when the flume relationship is 
verified with field data, but in general it seems that reliable prediction of river sediment 
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Figure 3.13 - 6 Calibration of new sediment transport equation with river data of 
Bagnold 
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In the next step, the flume and field data of Guy, Gilbert and Bagnold can be combin~ and 
a combined calibration can be carried out. A good correlation is obtained as is indicated in 
Table 3.13-5 and Figure 3.13-8. 
Table 3.13-5: New sediment transport equation calibration with laboratory and river 
data 
Data Source No of Observations Correlation coefficient r2 
Guy, Gilbert, Bagnold 909 0,89 
Quite often the accuracy of a specific sediment transport relationship is expressed in terms 
of its prediction of data within certain accuracy ranges, if possible with data not used in the 
calibration process. Some of the reported verification tests from different sources are 
indicated in Table 3.1-1. As can be seen, the results are often biased towards the author of 
a specific equation. The new sediment transport equation, as calibrated is tested in a similar 
way in Table 3.13-6. However, the same data as used in the calibration are used and no 
comparison with other sediment transport relationships is carried out. 
Table 3.13-6: Accuracy of new sediment transport equation in prediction ranges (for 
C>0,01 %) 
Percentage of data within accuracy range 
Calibration based on 0 67< Ccalc <15 0 5< Ccalc <2 0 0 33< Ccalc <3 
' Cobs ' ' Cobs ' 
' Cobs 
Gilbert and Guy flume data 86 % 97 % 99 % 
Bagnold river data 48 % 68 % 89 % 
Gilbert, Guy and Bagnold data 77 % 92 % 98 % 
Although calibration data have been used in the above verification, the results compared with 
other sediment transport relationships are good and even river data are predicted with 
relatively good accuracy. 
It has now been established that good correlations can be established with the new sediment 
transport equation using flume and river data. The question remains, however, whether this 
Stellenbosch University  https://scholar.sun.ac.za
3 - 71 
relationship can also be applied to reservoir data. The reservoir data obtained in this _study 
from field sampling at selected South African reservoirs, will be analysed here. 
3.13.3 Calibration with reservoir data 
There are a number of important differences between reservoir, laboratory and river data. 
The latter two sets are normally obtained under uniform and steady (or nearly steady) flow 
conditions, and with sediment transport and bed deformation equilibrium. In a reservoir the 
two extreme operational situations are full storage operation with non-uniform, but often near 
steady conditions in large reservoirs, and drawdown flushing, normally with highly unsteady 
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Figure 3.13 - 7 
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equation (based on flume data) 
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Calibration of new sediment transport equation based on flume and river 
data 
The particle sizes of sediments being transported through a reservoir furthermore also differ 
drastically from the river and flume cases. Along the upper reaches of a reservoir, coarse 
sediment is still being transported, representing river conditions, but further downstream the 
sorting process soon causes only fine sediment to be transported. This fine sediment (under 
storage operation with a large reservoir) can be in the order of d50 = 2 micron, which is 
10 times smaller than the finest sediments used or considered in flumes and rivers. 
The slope to be used in the sediment transport equation should actually fall somewhere 
between the energy slope and bed slope for a full reservoir, while during flushing the energy 
slope should approach the bed slope and approach uniform flow conditions when equilibrium 
scour is reached. 
Unsteady flow conditions during flushing can cause oversaturation, especially if erosion takes 
place close to the dam and suspended sediment samples are taken immediately downstream 
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of the dam. On the other hand, non-equilibrium sediment transport also occurs due _to the 
time lag during which fine sediment loads adjust to changing hydraulic conditions (see 
discussion in Section 3.17). 
Obtaining field data during flushing is also problematic. With complete drawdown, it is 
impossible and dangerous to obtain concentration samples from the flushing channel, and 
hydraulic variables are difficult to monitor within the reservoir. 
Other processes that can play a role in reservoirs are different mechanisms of sediment 
transport and flocculation at high sediment concentrations, which may influence settling 
velocities. 
All in all, reservoir data should be analysed and selected with great care. It is doubtful that 
a relationship ·which has been calibrated for coarse sediments under uniform, steady flow 
conditions can be used at all to predict sediment transport through a reservoir. Therefore, 
the approach followed here was to rather calibrate the proposed sediment transport 
relationship on reservoir data and to compare it with the other relationships as calibrated with 
river and laboratory data. Under high inflow flushing conditions it is expected that the 
reservoir flows will approach river conditions and that the river and reservoir sediment 
transport relationships should agree. A sediment transport relationship based on input stream 
power and storage operation for two reservoirs as shown in Figure 3.13-9 has been used for 
many years in South Africa. 
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Reservoir data have been obtained at a number of reservoirs under variable operational and 
flood conditions, as indicated in Table 3.13-7. 
Table 3.13-7: Reservoir data 
No Reservoir Date Description 
la Welbedacht 06/02/94 Drawdown flood flushing 
lb Welbedacht 08/02/94 Drawdown flood flushing 
le Welbedacht 19/10/9S Drawdown flood flushing 
2a Phalaborwa Barrage 10/01/91 Drawdown flood flushing 
2b Phalaborwa Barrage 08/02/8S Drawdown flood flushing 
2c Phalaborwa Barrage 21/02/96 Drawdown flood flushing 
3a Elandsdrift 04/12/93 Storage operation during minor flood 
4a De Mistkraal 04/12/93 Storage operation during minor flood 
Sa Windsor OS/10//93 Drawdown flushing during low inflows 
Sb Windsor 03/02/94 Storage operation during flood 
6a Mbashe 09193 Empty reservoir with low inflows 
6b Mb as he 2S/10/9S Drawdown sluicing with low inflows 
6c Mbashe 12/95-01/96 Drawdown flood flushing 
7a Nagle 24/04/93 Drawdown flushing with low inflows 
8a Gariep 1974 Storage operation during flood 
To interpret the reservoir data, it was plotted as sediment concentration against input stream 
power (vs) in Figures 3.13-10 and 3.13-11. (Note that settling velocity still needs to be 
taken into account to form a comprehensive picture of the observed sediment transport). 
After each flushing and closure of the gates at Welbedacht Darn, stream power decreases 
rapidly, although sediment concentrations remain high for some time and only then drops 
back to the "normal" vs against C relationship. It was found that the sediment transported 
immediately after closure of the dam was much finer than with free flow. A check whether 
vs versus C would not "correct" the relationship as indicated by vs versus C proved 
w 
to be unsuccessful, and everything pointed to the fact that a density current and not turbulent 
sediment transport had been present. This data set was therefore removed from the data used 
for calibration of the new transport equation and is discussed and analysed further in 
Chapter 4. 
Calibration with the remaining "accurate" selected reliable data gave a correlation coefficient 
(r2) of 0,80 using the new transport equation. In a comparable test using input stream 
power (::) , similar results were found, as indicated in Table 3.13-8. 
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Table 3.13-8: Calibration of stream power relationships 
Sediment transport equation No of data Correlation coefficient r2 
Applied stream power (new 
transport equation) 180 0,80 (Figure 3.13-12) 
Input stream power (vs/w) 180 0,72 (Figure 3.13-13) 
Input (vs;w) 180 0,78 (Figure 3.13-14) 
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Figure 3.13 - 11 Density current data at Welbedacht Darn 
The best correlation is obtained with the new relationship. A relationship for input stream 
power as a function, with the settling velocity separated, was also used, since it was found 
in this research and by Yang (1973) that w is a dominant variable. Testing of accuracy 
ranges is indicated in Table 3.13-9 (using the same data used for calibration). 
Table 3.13-9: Accuracy ranges of calibrated new sediment transport equation 
Description 0,67< Ccalc <1,5 O,S< Ccalc <2 0 33< Ccalc <3 0,2S< Ccalc <4 Cobs Cobs ' Cobs Cobs 
New equation 28 46 78 91 
Input (vs/w) 27 41 66 76 
Input = f (vs;w) 29 49 76 86 
New equation 48 68 89 -
calibrated with USA 
river data (Bagnold) 
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The calibration previously obtained from USA river data is also shown in Table 3.13-9 for 
comparison. The variability in predictions of reservoir suspended sediment concentrations 
is much larger than for river or flume data. The accuracy of laboratory data normally allows 
a range of 0,5 to 2 of calculated/observed concentrations which includes almost all of the 
data, while the comparable range for South African reservoirs is at least 0,25 to 4. 
Nevertheless, the reservoir sediment concentration prediction is better than expected, 
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In modelling, both a sensitivity analysis and reservoir-specific data should be used as far as 
possible for calibration of the sediment transport relationship. It is recommended that the 
applied stream power relationship (new equation) be used in future modelling, preferably with 
local data. This relationship as calibrated here provides a relatively good estimate over a 
wide range of sediment concentrations and hydraulic conditions for South African reservoir 
data. 
Mathematical modelling results of reservoir sedimentation (deposition) for the same 
hypothetical bou11dary conditions, but with two different sediment transport equations are 
presented in Figures 3.13-15 and 3.13-16, for the stream power sediment transport equation 
calibrated on reservoir data, and the England-Hansen equation, respectively. (The flow and 
sediment transport algorithms used in the modelling are described in Chapter 7). 
3.13.4 Comparison between flume, river and reservoir data calibrated new sediment transport 
equation 
Finally, a prediction of the reservoir data was carried out using the previously calibrated new 
equation based on flume and river data. This was compared with the observed and reservoir-
calibrated new sediment transport equation. Figure 3.13-17 shows that the sediment transport 
can be accurately predicted with formulae calibrated on river or flume data only at high 
concentrations (C > 3 % ) and flow conditions approaching those of a river. At lower flow 
conditions and sediment concentrations (storage operation), sediment transport can be 
underestimated considerably. This is also the reason why modelling based on general 
laboratory/river data calibrations indicates such definite delta formations with almost no 
sediment transport downstream of the delta. Fortunately, from the point of view of reservoir 
sediment removal, the actual sediment transport through reservoirs is orders higher than 
would normally be calculated by means of equations calibrated with laboratory data. 
3.14 Non-dimensional new applied stream power sediment transport equation 
In the previous sections, a new sediment transport relationship was proposed as derived from 
the applied power at the bed and the vertical concentration distribution. Calibration with 
laboratory data indicated that the new equation is reliable for single particle size data, but as 
was found with input stream power, the settling velocity had to be separated from the rest of 
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the equation in order to calibrate all sediment sizes. As such the equation only prc_:)Vides 
sediment concentration, not total sediment load, since it was felt that the former format should 
be tested with data first. The new sediment transport equation is therefore not dimensionally 
homogeneous, and although no discrepancies were found with data, it is good practice to use 
dimensionally homogeneous sediment transport relationships. Such a new sediment transport 
equation will therefore be derived in this section for the calculation of total loads. 
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The total sediment load (q) can be determined from: 
. dy (3 .14-1) 
Substituting C0 as before yields a dimensionally homogeneous equation: 
30p(gDs)2 In ( 12D ¥ _5_li f (_5_] . (K lif5Sl (p,,-p)~. k,, .g.w k,, A30D 30D w (3.14-2) 
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Equation 3.14-2 can be calibrated with data in the following formats: 
a) Kappa known 
log q =A log (30p(gDs)1.5) ~ 12 DJ+ A log (vgDs)+ A . z log(~) 
s 
1 ( _ ) . 2 k k 2 w 3 30D Ps P ~ · s • g s 
+ A4 log ( 3~~) +A, lo~ x~) (3.14-3) 
b) Kappa unknown, assumed K = 0,4 
log qs = A1 log p -- + A2 log -- + A3 • z log _s_ 30 (gDs) 1.S ~ 12 D) (lif5S) ( k ) (p s - p) r . ks . g ks w . 30D (3.14-4) 
Calibration of Equation 3.14-4 with the laboratory data of Guy and Gilbert as before shows 
the same correlation as was found with the non-homogeneous new equation for individual 
sediment sizes. When all sediment sizes are combined in the regression, however, the 
correlation is as indicated in Figure 3.14-1 with parallel lines for different particle sizes. To 
rectify this the only solution would be (as before) to have the settling velocity as a separate 
parameter in the regression, by perhaps using a dimensionless relationship such as wd as 
v 
was used by Yang (1973) in calibrating the input stream power relationship. 
3.15 Deformation of the bed and resistance to flow 
3.15.1 Introduction 
In order to be able to predict sediment load within reservoirs, the relationship between 
variables representing roughness (ks) and dissipation of energy(K), needs to be determined, 
as has been shown in Section 3.9. It has also been shown that this interrelationship is 
required to quantify energy dissipation (stream power). In particular, the changes of K and 
k -values with sediment transport and related bedform regions need to be forecasted . 
s 
Secondly, a "roughness" predictor can be utilized to forecast equilibrium depth of flow which 
can be incorporated in predicting flushing· channel deformation (width and depth). 
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Although the author believes that the changes in ks and K are interlinked with se4_iment 
transport, certain assumptions can be made to predict bed roughness without considering 
sediment transport directly. 
3.15.2 Developing a new bed roughness predictor 
Several researchers in the past have used separate roughness predictors for so-called friction 
caused by sediment particles, and form friction caused by bed irregularities such as ripples 
or dunes (Meyer-Peter et al, 1948). It is felt that such an approach, although providing good 
results, is highly empirical and instead of splitting the roughness estimator, a theoretically 
sound ks predictor should be sought. 
Let us return to the stream power balance equation (Chapter 3.9) and evaluate the applied 
power relationship at the bed again, taking the second term (Equation 3.9-1) as a constant 
with K = 0,4 for homogeneous fluid transport. 
30pgsD{if5S ( ) C Kie oc . Ps -p gw o 
$ 
(3.15-1) 
A similar equation has been used by Rooseboom (1992) to predict incipient motion at onset 
of resuspension of sediment. He assumed C
0 
to be a constant, which is acceptable since 
c .... o and the incipient relationship shown in Chapter 6 (modified Liu diagram) were 
obtained for laminar and turbulent flow conditions. In a somewhat more elaborate approach 
Le Grange (1995) also used Equation 3.15-1 as a basis for determining bed roughness in the 
lower and upper regimes, again assuming C
0 
= constant in Equation 3.15-1, which can 
therefore be neglected in further analyses (or assuming C0 is not of concern when studying 
the power balance on a single sediment particle). The relationship derived by Le Grange 
(1995) is indicated in a Liu diagram in Figure 3.15-1. The data indicated laminar trends in 
both the lower and upper flow regimes, with ../gDs/w constant in the transition regime. 
K -values were assumed = 0,4 by Le Grange (1995). This would indeed be a convenient 
prediction method for forecasting incipient motion under lower and upper regime equilibriurµ 
conditions at the bed. Verification of this equation with laboratory data of Gilbert with a 
large database for one particle size is shown in Figure 3.15-2. Note that K -values were 
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Figure 3.15 - 1 Modified Liu diagram (Le Grange, 1995) 
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not known and had to be taken as 0,4 in the calculation of k . The effect of changing K 
s -
is therefore incorporated in ks. The graph follows the general trend (as found by Le Grange 
(1995) with increasing ks in the lower and upper regime with a flat bed in the transition 
region. The amount of data scatter, however, makes it unsuitable for use as a prediction 
method. As a check on the correlation, k values for the lower regime and upper regime 
s 
(excluding any transition data) were analysed separately, which gave regressions as indicated 
in Figures 3.15-3 and Figure 3.15-4. It is therefore clear that the assumption of C0 = 
constant is not valid for lower or upper flow regime conditions, and in the transition regime 
the data scatter is even larger (Figure 3.15-2). 
Some means of predicting C
0 
values therefore needs to be found and used in 
Equation 3.15-1. In evaluating the sediment transport Equation 3.14-2 (in Chapter 3.14), 
it was found that the different bedform types as found in flume studies, can be closely related 
to the Froude number. In fact, several researchers have used the Froude number in the past 
as one of the predictors in estimating bed roughness or predicting different bedforms 
(Athaullah, 1968). The approach followed here therefore assumes that the bed sediment 
concentration (C,,) can be linked to the Froude number and that C0 O< Fr. Due to limited 
data on near bed sediment concentrations, average sediment concentrations are used instead. 
Figure 3.15-5 shows that by using the data of Guy and Gilben, a relationship between C 
and Fr can be established. 
Equation 3.15-1 can therefore be rewritten as : 
(3.15-2) 
-
with Fr = _...::!..__ 
/gD 
A remarkably good correlation is found when Equation 3.15-2 is fitted to flume data, but 
theoretically the incorporation of the Froude number still needs to be justified. Since the 
sediment transport equation includes all the necessary variables to describe the bed 
deformation process under equilibrium flow regime conditions, it should also be possible to 
derive a prediction methodology for bed roughness. 
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Figure 3.15 - 5 Relationship between sediment concentration (C) and Fr 
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The new sediment transport Equation 3.11-2 states: 
(3.11-2) 
but according to the sediment transport relationship based on input stream power (Yang, 
1973) 
Coe pgvs (or oc( vs>) . 
(ps-p)gw W 
(3.15-3) 
Equating Equations 3.11-2 and 3.15-3 and simplifying yields: 
k = I ( (gDs)1.s. .fil5. _!_) s ' - ,w; 
K V KS 
(3.15-4) 
with s = energy slope 
As a first check on the validity of Equation 3.15-4, it was calibrated with laboratory data 
with known K values (Table 3.15-1). 
Table 3.15-1: Calibration of bed roughness predictor 
No Data source No of Observations Correlation coefficient 
r1 
a Lin 27 0,79 
b Vanoni (1959) 16 0,99 
c Abdel-Aal 10 0,97 
d Einstein (1953) 19 0,99 
e Wang (1992) 31 1,0 
a-d All, excluding Wang 75 0,74 
Figure 3.15-6 shows the best fit curves in Table 3.15-1 graphically. Combination of all the 
flume data does tend to show much larger scatter, which could probably be due to the limited 
data base size, or possible inconsistencies in measurement or K calculations. The general 
trend is, however, consistent and k can be predicted in the lower, transitional and upper 
s 
flow regimes. There seems to be a different trend in correlation when k
8 
approaches zero 
at incipient conditions, which can probably again be described by the effect of viscosity in 
the transition to laminar flow and its impact on settling velocity near the bed, as was found 
with the calibration of the new sediment transport equation. 
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Figure 3.15 - 6 Calibration of new k predictor with data with K known 
s 
To obtain a more comprehensive view of the prediction accuracy of the proposed new bed 
roughness predictor (Equation 3.15-4), it also has to be calibrated on extensive, reliable 
laboratory data. Using the data of Guy (1966) and Gilben (1914) with K = 0,4 assumed 
in the calculation of ks , a correlation coefficient (r2) of 0,98 was found with the data of 
Guy, and r 2 = 0,95Nith the two sets of data combined. The best fit curves are shown 
graphically in Figure 3.15-7. Using the laboratory calibrated Equation 3.15-4, the ks 
values for USA rivers are well predicted at high ks values, while it is overestimated, as 
ks approaches zero, as was also found with the laboratory data. 
It should be remembered that an ideal correlation of the ks relationship will be difficult to 
obtain because of the number of assumptions which had to be made. With the assumptions 
made in this section, the validity of the Froude number as additional parameter in the 
description of bed roughness has been proved. 
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Stream power theory can therefore be used to describe nature's mechanism for preventing 
excessive scouring of river beds and yet accommodating the necessary sediment transport. 
Throughout all the bed deformation processes under the equilibrium conditions , applied 
stream power is minimized. Bed deformation and sediment transport under equilibrium 
conditions can be described theoretically with this new approach and the relationships 
correlate well with both flume and field data. 
3.16 Non-uniform sediment transport processes 
Deposition and scouring processes in nature are always accompanied by changes in the size 
distribution of suspended load and bed material and are characterized as a self-adjustment 
process . Han et al (1990) illustrated this with a number of examples: 
II 
10 
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• In the Wotousi canal, China, it was found that for different size groups the cqanges 
in sediment concentrations are different. Figure 3.16-1 shows that the average 
settling velocity changes from 1,089 mm/s to 0,0325 mm/s at the exit, decreasing by 
32,5 times. The sediment-carrying capacity can be calculated with the Velikanov 




( 3 )0,92 0,927.10-4y-\g~ in this case (3.16-1) 
with S* = sediment transport capacity 
v = average velocity 
D = mean depth of flow 
Ys = unit weight of sediment 
From Equation 3.16-1, when the settling velocity decreases 32,5 times the sediment-
carrying capacity will increase 25,3 times. In the case of Wotousi canal the sediment 
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• Scouring at the Sanshenggong Reservoir in China, indicated in Figure 3 .. 16-2, 
showed that sediment concentrations of the coarsest size groups of suspended load 
which were picked up from the river bed increased faster than the other size groups . 
The average settling velocity increased and sediment-carrying capacity decreased. 
The change in size distribution of suspended load due to scouring or deposition will 
eventually be checked by the channel adjustment. Since coarse particles settle first 
in the deposition process, the suspended load gets finer, the fall velocity smaller and 
sediment-carrying capacity greater. 
• During erosion and deposition the change in the size distribution of bed material takes 
place simultaneously. Figure 3.16-2 shows coarsening of the bed sediment 
experienced of the Sanmenxia Reservoir, China . 
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Figure 3.16 - 2 Non-uniform sediment transport in Sanshenggong Reservoir, China 
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Grading processes are observed in reservoirs due to the non-uniform characteristics of 
inflowing sediment grain size distribution. Three of the most important grading processes 
are: 
• sorting when sedimentation occurs; 
• hiding; and 
• armouring, when erosion occurs. 
These processes have been extensively researched and incorporated in models by using the 
hypothesis of superposition of transport rates for different grain-size fractions. The different 
settling velocities of the fractions (related to the grain sizes) result in a variation of the grain 
size distribution in transported and deposited sediments. Modelling of non-uniform sediments 




Within a reservoir the coarser particles are deposited first along the 
upper reaches of the reservoir while finer particles are transported 
closer to the dam, so that the average grain size decreases towards the 
dam (sorting). The size distribution of bed sediment sampled in this 
study in some South African reservoirs is indicated in Figure 3.16-3. 
Sheltering or hiding is due to the lesser mobility of coarser grains 
compared to finer surface grains . 
• Armouring: When fine particles are eroded from the bed, only coarser sediment 
remains on the surface of the bed, creating a protective cover for 
underlying grains. 
A number of river and reservoir models have been developed which incorporate modelling 
of non-uniform sediment: 
Egiazarojf (1965) developed one of the first models for non-uniform sediment transport. The 
model included transport of each size fraction and the hiding of finer sizes below coarser 
ones. 
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Gessler (1971) assumed that the probability of the shear stress distribution represents the 
probability of grains of diameters larger than the critical grain size just not being moved by 
the flow. A new grain-size distribution can be generated with this method but experimental 
verification is recommended (Stoff, 1991). 
Ribberink (1987) developed a lD river model with non-uniform bed-load transport and a river 
bed consisting of a moving top-layer and a non-moving underlayer. The model was verified 
using laboratory data. 
Little and Mayer (1976) proposed empirical methods and concentrated on the mean diameter 
of the armour coat. 
Day (1980) and Proffitt and Sutherland (1983) adopted existing transport formulas to predict 
grain size distribution. 
Diplas (1986, 1987) developed a bed-load relationship which allows for sediment grading 
effects. 
Andrews and Parker (1987) developed a model for a mobile pavement assuming that all 
subsurface particles are of equal mobility, so that the size distribution of bed load is similar 
to that of the subsurface material. 
He and Han (1986) concluded that bedload and washload transport are closely related and 
follow the same principles. Transport of non-uniform sediment is simulated in their model 
for reservoir sedimentation. 
Belleudy and Rahuel (1987) and Holey and Rahuel (1990 a, b) developed a lD model for 
non-uniform sediment transport. 
James (1990) developed a river model which included particle geometry and packing and 
agrees well with laboratory and field data. 
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· Parker and Sutherland (1990) describe two models for which computed armour processes 
agree well with data. 
Wang and Zhang (1989) developed a model for non-uniform sand transport (bed load) which 
includes a modifying coefficient to reflect hiding and exposing effects. 
Modelling of non-uniform sediment transport has been verified with laboratory and field data 
and is generally accepted as a modelling approach to simulate grading processes. 
Superposition of sediment transport for various particle sizes calibrated in flume tests for 
uniform sediment, may lead to inaccurate predictions when coarse and fine sediments are 
concerned. The fine sediment transport may change the Von Karman coefficient to such an 
extent that equilibrium sediment transport of other fractions may be influenced, for example. 
In fact, it is believed that more flume studies should be conducted to fully understand non-
uniform sediment transport where fine sediments are involved. 
The new sediment transport equation as calibrated on reservoir data can be used to predict 
non-uniform sediment transport, but only within the calibrated particle size ranges. Reservoir 
sedimentation simulation based on the stream power equation (calibrated on reservoir data), 
has been carried out with uniform and non-uniform sediment particle size distributions (with 
the same boundary conditions), and results are indicated in Figures 3.16-4 and 3.16-5. 
(Details of the mathematical model flow and sediment transport algorithms are described 
Chapter 7). The differences in the sedimentation profiles as simulated in Figures 3.16-4 and 
3.16-5 emphasizes the importance of accurately predicting non-uniform sediment transport. 
Accurate prediction of sediment sizes is also important when considering sediment density, 
consolidation, critical conditions for mass erosion of cohesive sediments, non-cohesive or 
cohesive sediments etc. 
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Figure 3.16 - 5 Reservoir sedimentation with non-uniform sediment size 
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3.17 Non-equilibrium sediment transport 
3.17.1 Introduction 
Most mathematical models are based on the assumption that the difference in the sediment 
transport capacities between successive cross-sections is deposited (or eroded) within that 
reach. A state of sediment equilibrium is therefore reached within each time step of the 
calculation. Equilibrium in this case refers to actual sediment transport being equal to the 
transport capacity at a section. 
Instantaneous adaptation is a realistic assumption only when coarse sediments are transported 
and without any constraints on sediment availability. With fine sediments, however, the 
adjustment to the saturated sediment transport capacity is not instantaneous and time and 
distance lags are associated with the change in sediment transport, until equilibrium is 
reached. This lag, often called 11 adaptation length 11 , is due to the small settling velocities of 
the fine sediments. In this adjustment process the bed roughness, the energy dissipation 
(Kappa) and the sediment transport changes until an equilibrium is reached, with minimized 
stream power. 
Two types of non-equilibrium sediment transport can be identified: 
• U ndersaturated: 
• Oversaturated: 
sediment could be availability limited e.g. surface 
erosion, while mass erosion of the bed can lead to 
instantaneous adaptation from undersaturated to the 
sediment transport capacity. Some of the coarser 
fractions suspended during mass failure might be 
oversaturated and will deposit again. These 
processes which involves scouring will be discussed 
in more detail in Chapter 6. 
Reservoir sediment deposition processes are often 
associated with conditions of oversaturation as the 
sediment transport capacity diminishes through the 
reservoir. With fine sediment and a deep reservoir, 
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adaptation lengths can be longer than the res~rvoir 
length. Different sediment particle sizes will have 
different adaptation characteristics . 
Using a rotating annular channel-ring system, Mehta et al (1973) showed that suspended 
sediment concentration diminishes rapidly from an initial value, C
0 
to a constant value, 
c q ' defined as "equilibrium concentration", although for the same flow condition various 
"equilibrium concentrations" were obtained as shown in Figure 3.17-1. 
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Figure 3.17-1 Variation of suspended sediment concentration with time (Partheniades, 1966) 
Ceq decreases with decreasing bed shear stress, -rb , becoming zero for a threshold value, 
-rbmin • of the latter. Figure 3.17-1 shows that for a specific test, the relative equilibrium 
c 
concentration, C~ = _!!, remains constant and independent of C (Partheniades, 1986). 
co 0 
c • was found to depend on -r b as shown in Figure 3.17-2. 
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Figure 3.17-3 Deposition rates (Mehta, 1973) 
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Considering present knowledge of sediment transport, the adjustment to "equiliQ_rium" 
sediment transport under the same flow conditions, and thereby reducing the suspended 
sediment as shown in Figure 3.17-3, must be attributed to the initial adjustment of the stream 
power to minimize energy dissipation. The adjustment is not immediate, due to the relatively 
slow settling velocities of the cohesive sediment. The "equilibrium" that is reached is not at 
equilibrium sediment transport (or maximum transport), but rather an equilibrium under 
conditions of limited sediment availability. 
Mathematical descriptions of the non-equilibrium transport process have been given by 
Galapatti et al (1986) and Di Silvio (1995), but the key variables involved in minimization 
of stream power were not included. Chinese researchers (Han et al., 1990), have calibrated 
non-equilibrium equations with field data and have established criteria for non-equilibrium 
sediment transport calibration coefficients for rivers and reservoirs. Most of these equations 
have the format of the steady advection-dispersion equation. 
3.17.2 Review of existing theory 
The sediment transport component was until recently reduced to the selection of the "best" 
equilibrium transport formula among dozens of such equations in the literature. Sediment 
transport in real life, especially in reservoir storage operation, is often in non-equilibrium. 
Equilibrium formulae based on uniform flow experiments in hydraulic laboratories are no 
longer considered as a satisfactory component of a mobile-bed modelling system. Time and 
space lags -between actual and equilibrium transported sediment load should therefore be 
considered (Cunge, 1989). 
The basic equation of 2D diffusion of sediment concentration can be written in the form 
(Zhang, 1980): 
oc 02c oc 
v-=e--+w-
with 
ox oz2 oz 




= sediment concentration 
= coefficient of turbulent exchange 
= settling velocity of sediment particles 
= flow velocity 
(3.17-1) 
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An analytical solution of Equation 3.17-1 is possible with the following boundary conditions 
for the case of deposition: 
at the water surface z = D, oC +we= 0 €-
oz 
on the reservoir bed z = 0, oC w = - - c = constant 
oz € K,O 
at entrance x = o, C = C0 f(z) 
Zhang (1980) determined the analytical solution as: 
(3.17-2) 
which, after differentiation and simplification, reads: 
dCc/x) 
dx = ocw[CKp - Ccp (x)]/q (3.17-3) 
By substituting initial conditions x = 0, Ccp (x) = C0 , the final expression of the rate of 
change in sediment concentration along the reservoir is given by: 
(3 .17-4) 
with = sediment discharge per unit width at the exit 
= sediment carrying capacity 
= sediment inflow per unit width at the entrance 
If ' = e<-"'W%fq> denotes sediment transport under non-equilibrium conditions (O<C <1), 
when x = 0, ' = 0, qso = qs: no net deposition or scouring occurs and incoming sediment 
discharge equals outflowing discharge. When x = 00, ' = 0, qso = qst it means that 
outflowing sediment discharge equals the sediment-carrying capacity after self-adjustment 
along the river course. 
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Computation of sediment transport under equilibrium conditions is a special qse of 
non-equilibrium conditions. Generally, the equilibrium can be re-established only after a long 
distance (for fine sediment) (Zhang, 1980). 
In the case of scouring, similar equations can be derived (Zhang, 1980) 
The boundary conditions are: Z :::: o, Cto :::: Const. 
t>C z = D E- ±WC;:: 0 
' oz 
x = o, C :::: Const. 
and the final equation: qs :::: qst - e(--wx/q) (qso - qst) 
In the case of deposition oc1 :::: 1 + K1f2 = 1 (3.17-5) 
and ( 
1 
= e (-wxfq) 
while with scouring 
Final expressions with the inclusion of empirical coefficients (~, K4 and K~ read: 
Stellenbosch University  https://scholar.sun.ac.za
3 - 107 
Deposition ( 1 = exp (-~ CK4 (0,41 - 0,77/gC) x/q) (3~17-6) 
· Erosion : (z = exp (-Ks Q0.3 so,s x/q) (3.17-7) 
Soares et al (1982) derived equations for non-equilibrium suspended sediment transport, 
similar to those of Zhang. 
The mass balance of sediment of given size di is: 
(ocj) · · Q OX AX = (-q~ + q:)TAX 
with = fluxes of deposition and erosion of sediment 





is neglected in this equation 
Let CT*j = average concentration of sediment transporting capacity, then: 
if cf > cT{:l (deposition): 
Rate of deposition: q~ = -wj (Cj - CTi*) 
and Equation 3.17-8 becomes = 
-w.(Ci - CTi*) T/Q 
J 





if cf ~ cT{:1 (erosion will occur depending on the availability of sediment of the given 
size class at d. on the stream bed) 
J 
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Rate of erosion: (3.17-12) 
Erosion is proportional to the difference between the availability on the bed and the 
concentration carried by the flow. Although erosion is dominant, deposition will still occur 
at rate w. Ci and Equation 3.17-8 becomes: 
I 
oCi ~ · T 
= -(Ci - ct) - o .. + w.) OX ).. . + w. Q I I 
I I 
(3 .17-13) 
Integration of Equation 3.17-13 between sections i and - i + 1 yields: 
(3.17-14) 
When !lX is large, flow in section (i + 1) will approach its transport capacity crf:1 : 
Therefore j• ).j ci (3.17-15) CT;.1 ::: ).i + wi b 
and the final equation: c{.1 = crf:1 ( · · ) [ T!u ] + cf - cT{:1 exp - Q ().i + w) (3.17-16) 
Equation 3.17-16 is similar to the equation presented by Karanshev (1963): 
(3.17-17) 
and also similar to that of Zhang: 
qs = qst - (qso - q81) • exp ( - ocwx/q) (3.17-5) 
Sundborg (1967) developed another non-equilibrium equation which does not allow for 
erosion: 
C/.1 = cf exp [-(T!u/Q) w<J> (w)] (3.17-18) 
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Equation 3.17-18 was used by Hurst and Chao (1975) in a model for the Tarbela Res~rvoir. 
The equation implies that if in section i the concentration of sediment of size ~ is zero, the 
same will be true for all downstream sections, which is clearly an error. 
While the transport of coarse sediment depends exclusively on local hydrodynamic conditions, 
the transport of fine particles also depends on the conditions upstream. Di Silvio (1995) 
proposes the use of the following non-equilibrium transport equation: 
the actual sediment transport per fraction, 
the % of i-th fraction in the bed composition, 
the adaption length for each fraction, 
the transport capacity of the i-th class 
(3.17-19) 
The adaptation length Lt can be obtained either experimentally or by an asymptotic 
solution of the 20 suspended transport equations (Di Silvio and Armanini, 1981; Galapatti, 
1985, etc.). An evaluation of L • is given by the following approximate formula: 
(3.17-20) 
For fine particles, Lt ... particle falling distance = vD , which means that the 
. W; . 
adaptation length of silt and clay may be even larger than the reservoir length . . 
For coarse sediment, Lt ... 0, and C; to P, C~ , and the erosion rate becomes 0 PPci 
ox 
as with equilibrium transport and instantaneous adaptation. 
All the above non-equilibrium sediment transport equations have the same format and were 
derived for steady flow conditions. 
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3.17.3 Proposed non-equilibrium sediment transport methodology 
Reservoir sedimentation processes are highly dynamic in reality and it has therefore been 
decided to describe the non-equilibrium sediment transport by using an unsteady 
advection-dispersion Equation 3.17-21. 
ac ac a2c 
+u--D-=ss 
at ax &x2 
with D the dispersion coefficient, 
u = flow velocity, 
t = time, 
x = distance in direction of flow 
In case of non-cohesive sediments the source/sink term (ss) is represented by: 
SS 




with C* the equilibrium sediment transport calculated with a sediment transport 
formula, 
"T" is the time scale defined as settling time (water depth divided by settling 
velocity), 
"a" is a calibration parameter and can be interpreted as a mean (relative) settling 
depth. In the model implementation, the coefficient "a" is different for 
various given size fractions, for erosion and deposition. 
The dispersion coefficient in Equation 3.17-21 is not of importance in the non-equilibrium 
sediment transport prediction. 
No attempt will be made here to formulate a mathematical description of the parameter "a" 
mainly because very little data are available to verify assumptions. Instead, the 
advection-dispersion equation was incorporated into a mathematical model (MIKE 11) and 
calibrated with data for non-equilibrium sediment transport conditions. 
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In order to calibrate the non-equilibrium sediment transport for different sediment~ size 
ranges, it is necessary to know the transport capacity of each size range. Although the 
available reservoir suspended sediment data involving fine sediments, have been used to 
calibrate an equilibrium stream power sediment transport equation during this research, 
weighted mean settling velocities have been used. There is therefore a need for more detailed 
flume studies on equilibrium fine s·ediment transport where near uniform particle sizes are 
used in each test, as has been done with coarser sediments (d50 > 0,03mm). 
3.17.4 Non-equilibrium sediment transport tests 
In order to calibrate and evaluate the proposed advection-dispersion methodology of modelling 
the non-equilibrium transport, a series of tests have been designed. Flow velocities typically 
found in main reservoir basins, where deposition processes dominate, of 0, 1 to 0,2m/s were 
used . The aim was to monitor suspended sediment transport along a canal under conditions 
of upstream input sediment load overloading. 
In order to evaluate the full sediment transport process from oversaturated to equilibrium 
sediment transport, a laboratory flume exceeding 100 metres in length had to be found , 
preferably with adjustable bed slope. No such flume could be found in South Africa, and in 
stead a concrete lined irrigation canal was selected. The trapezoidal canal has a top width of 
2 m and approximate depth of 1 m. Flow depths of between 0,3 and 0,6 m were used with 
downstream control, while the inflows were regulated between 40£/s and 90£/s. The idea 
was to establish uniform flow conditions through the canal without downstream water level 
control for 0,3 m flow depths, while some damming was required to lower the flow velocities 
to 0, 1 mis, which led to slightly non-uniform flow conditions through the canal. Without a 
practical means of changing the bed slope, this was the only way of testing with near constant 
inflows. With smaller flow depths, it should be possible to decrease the adaptation length to 
say 50 m and carry out the tests in a laboratory flume under much more controlled 
conditions, but the flume boundaries might influence the sediment transport process to such 
an extent that it would be difficult to transfer the data and calibration for practical application. 
Suspended sediment samples were taken at 10 m, 25 m, 50 m, 75 m, 100 m, 125 m, and 
150 m intervals along the canal, measured from the upstream sediment input position. At 
each point samples were taken by pipet, at the centreline of the canal at regular intervals, 
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from small bridges across the canal. The pipet was used to obtain samples with leas; flow 
disturbance in order not to influence the sediment transport. Samples were obtained at 
various depths, and usually 2 to 3 depth samples per time point were obtained, depending on 
the flow depth. 
Design of non-equilibrium sediment transport tests is quite difficult because of the dynamic 
processes involved. On the one hand the aim is to run the test as long as possible to allow 
bed regime equilibrium to establish, but with high sediment inputs, sediment deposition near 
the upstream end of the canal can be so dramatic with a long test duration, that sediment 
transport and bed conditions change quickly at a specific point in the canal. This does not 
necessarily have to be a problem if the unsteady non-equilibrium sediment transport is 
calibrated, but the bed slope change because of deposition adds an extra dimension which 
complicates the analysis. For the canal tests, therefore, test durations were kept as short as 
possible by limiting the sediment input duration until the sediment front has travelled 150m 
and the suspended sediment samples had been obtained at the most downstream point. 
The tests were carried out during winter in one of the Loskop Dam irrigation scheme canals. 
Wind did not influence the tests. Each test was started with clear water steady flow 
conditions, without sediment deposits in the canal. 
Two sediment types have been tested. Welbedacht Reservoir sediment deposits were 
excavated from opposite the Tienfontein pump station. The deposits did contain fine sediment 
particles, but more fine sediments is located closer to the dam. The Tienfontein deposits 
were, however, dry, making transport possible, while that closer to the dam were saturated 
and even when dried it still has to be powderized due to the high clay content. 
A second sediment was obtained from a cyclone. The particle size characteristics of the 
sediments as obtained from pipet method, are indicated in Table 3.17-1. 
The possible impact of the difference in water qualities between Welbedacht Reservoir and 
the Loskop canals (the latter has higher total dissolved solid concentrations) on sediment 
transport has been evaluated in terms of sediment settling velocities and negligible differences 
were found. 
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Table 3.17-1: Non-equilibrium tests sediment characteristics 
Percentage of sediment in size range 
Particle size range mm Welbedacht · Cyclone 
0,25-0,106 12,2 1 
0,106-0,05 55,1 25 
0,05-0,02 19,4 42 
0,02-0,002 5,8 22 
<0,002 7,2 10 
Sediment feed was by hand, and has been calibrated with sediment concentrations to ensure 
the correct rate of sediment input. Sediment input concentrations varied between 1 OOOmg/ £ 
to 100 000 mg/£ for different tests. 
The non-equilibrium tests carried out are indicated in Table 3.17-2. 
Table 3.17-2: Non-equilibrium sediment transport tests 
Sediment input Approximate 
Test no Sediment type concentration Flow (tis) flow velocity 
(ppm) (mis) 
2 Cyclone 10 000 74 0,1 
4 Cyclone 1 000 82 0,2 
5 Welbedacht 1 000 82 0,2 
7 Welbedacht 10 000 82 0,2 
9 Cyclone 100 000 82 0,2 
10 Welbedacht 100 000 67 0,2 
13 Cyclone 30 000 46 0,1 
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3.17.5 Data analysis 
The suspended sediment concentration data of each test as obtained 0, lm above the bed, 0, lm 
below the water surface, and at mid depth have been plotted against canal chainage as first 
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From these figures it could be seen that: 
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• Low sediment inputs (1 000 ppm), which on average is below the sediment transport 
capacity of the canal, also illustrates the adaption, even after all of the coarse 
sediment have been deposited near the inflow end of the canal. This adaptation of 
fine sediments could be ascribed to sediment transport and bed adjustment as 
non-uniform transport occurs, as also found in the tests of Mehta et al (1973). 
• In many of the tests the suspended sediment concentrations varied little with depth, 
especially further downstream of the sediment feeding point. This was expected since 
the z-value in the suspension theory changes with fine sediment transport, resulting 
in near uniform vertical suspended sediment concentrations, also found in Gariep 
Reservoir in 1974 (Rooseboom, 1975). At the lOm chainage, more scatter is found 
in suspended sediment data since the turbulent flow structure has not been 
re-established so close to the sediment feeding point. 
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3.17.6 Model calibration and evaluation 
A one dimensional mathematical model with equilibrium modelling of one coarse sediment 
fraction and non-equilibrium modelling of 2 fine fractions has been calibrated with the canal 
data. (A comprehensive description of the model is given in Chapter 7). 
The adaptation coefficient ("a") was calibrated for each test. The equilibrium sediment 
transport equation calibrated on South African Reservoir data was used in the calibration. 
Although it should only be the clay and silt fractions which do not adjust instantaneously to 
the equilibrium sediment transport, clay as fraction could not be calibrated since the 
equilibrium sediment transport equation used the weighted settling velocities which include 
coarse fractions. Clay and silt fractions particle size range therefore had to be adjusted in the 
calibration to include coarser sediments, ensuring accurate calculation of sediment transport. 
The selected particle fraction size ranges as obtained from suspended sediment concentration 
data are indicated in Table 3.17-3. 
Table 3.17-3: Non-equilibrium sediment transport fraction ranges 
Particle size Percentage in size range 
Fraction no Transport type 
range (mm) Welbedacht Cyclone 
3 Equilibrium 0,106-0,25 12 1 
2 Non-equilibrium 0,05-0,106 55 25 
1 Non-equilibrium <0,05 33 74 
Average suspended sediment concentrations have been used for calibration at each sampling 
point. 
The calibrated a-values for fraction 1 are given in Table 3.17.4. Fraction 2 adaptation was 
kept constant at "a" =2, since it was found insensitive to other values. 
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Table 3.17-4: Calibration of non-equilibrium sediment transport 
Sediment 
Approximate Calibrated 
Sediment input Flow 
Test no flow velocity "a" 
type concentration (f/s) 
(ppm) (mis) (fraction 1) 
2 Cyclone 10 000 74 0,1 2,0 
4 Cyclone 1 000 82 0,2 2,5 
5 Welbedacht 1 000 82 0,2 2,8 
7 Welbedacht 10 000 82 0,2 2,8 
9 Cyclone 100 000 82 0,2 1,5 
10 Welbedacht 100 000 67 0,2 2,0 
13 Cyclone 30 000 46 0,1 1,8 
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Results from the calibrations are: 
• The Welbedacht calibrated "a"-values ranged between 2,0 to 2,8, while that of the 
cyclone sediments ranged between 1,5 and 2,5. This is expected since the cyclone 
sediments are finer than the Welbedacht sediment used in the tests. 
• All the calibrated tests show good agreement with the observed longitudinal 
suspended sediment profiles. 
• The highest sediment concentrations (input), tests 9, 10 and 13, had the lowest 
a-values for each sediment type. This could be because of more coarse sediment 
transport due to the reduction of the Von Karman coefficient at high sediment 
concentrations. The coarser sediments adapt quicker to equilibrium sediment 
transport. The whole process is very dynamic and complex. The change in the 
energy dissipation along the canal as the suspended sediment concentrations reduce, 
will also mean that equilibrium sediment transport through the canal will vary from 
upstream to downstream. 
• In many of the tests carried out, equilibrium sediment transport are not reached 
within the 150 m canal length. 
• The calibrated a-values fall into relatively narrow ranges, and have been tested for 
extreme conditions of oversaturation, variable flows, velocities and flow depths . 
3.17.7 Modelling of non-equilibrium sediment transport processes : Welbedacht Reservoir 
In the previous section, oversaturated sediment transport tests carried out in a canal, under 
steady, uniform flow conditions, have been analysed. 
In reservoirs, inflows, water levels and inflow sediment concentrations are highly variable and 
unsteady, non-uniform flow conditions prevail especially during floods when high sediment 
loads are transported into a reservoir. Testing of the proposed non-equilibrium sediment 
transport approach has been carried out for Welbedacht Reservoir for the period 1973 to 
1976. The modelling started in August 1973 when the first fill of the reservoir commenced. 
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Observed instantaneous inflows and sediment concentrations, and water levels at the darµ have 
been used as boundary conditions. The simulations continued to October 1976 when the first 
basin survey was carried out. During this three year period major floods occurred in the 
Orange River system and 36 million m3 storage capacity was lost in Welbedacht Reservoir 
due to sedimentation. 
Using a typical suspended sediment particle distribution as has been observed at the reservoir 
inflow, one equilibrium and 2 non-equilibrium fractions have been modelled as indicated in 
Table 3.17-5. 
Table 3.17-5: Suspended sediment size distribution of Welbedacht Reservoir inflow 
Fraction no Particle size range (mm) Percentage in size range 
3 0,106 - 0,25 5 
2 0,05 - 0,106 19 
1 < 0,05 76 
The simulated sedimentation profiles for Welbedacht Reservoir are indicated m 
Figure 3.17-18. 
The simulated and observed sedimentation profiles as indicated in Figure 3.17-18 show that 
an adaptation coefficient for the fine sediment of "a"~ 2,8 gives a reliable sedimentation 
profile prediction. There are, however, many uncertainties involved such as: 
• unknown sediment density 
• cross-sectional deformation, assumed here proportional to flow depth for erosion and 
deposition 
• changing suspended sediment size distributions of inflows during low and high flows 
• sediment cohesion and consolidation, limiting re-entrainment during floods. 
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3.17.8 Comparison between calibrations 
Han et. al. (1990) give typical calibrated adaptation coefficient values for Chinese field data 
as: 
Reservoir sedimentation (deposition) 
Reservoir flushing with fine sediments 




= 0,25 (a = 4,0) 
= 1,0 (a = 1,0) 
= varies for each fraction 
The Chinese oc -values are related to the "a"-values given in brackets above, for steady 
conditions. These adaptation coefficients calibrated with Chinese data agree very well with 
the calibrated canal adaptation coefficients which varied between 2,0 and 2,8 and 1,5 to 2,5 
for Welbedacht and cyclone sediments respectively. The differences between Chinese and 
South African calibrated adaptation parameters can be ascribed to: 
different fraction size ranges 
different sediment characteristics 
different equilibrium sediment transport equation for fine sediments. 
3.17 .9 Conclusions 
2073H/sw 
1996-11-25 
Non-equilibrium sediment transport processes have been analysed using the advection -
dispersion equation. Calibration of an adaptation parameter with canal data (steady, uniform) 
and a reservoir (unsteady, non-uniform) has been carried out successfully. More controlled, 
detailed experimental flume studies are required, however, to address: 
• equilibrium sediment transport per size fraction and its interrelationship with energy 
dissipation and bed roughness 
• non-equilibrium sediment transport as above, with observed flow velocities and 
sediment concentrations in the vertical for oversaturated conditions. 
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4. DENSITY CURRENTS 
4.1 Introduction 
Apart from turbulent suspended sediment transport, which is the dominant mechanism by 
which sediment is transported through most reservoirs, density currents in certain reservoirs 
provide an alternative mechanism to transport sediment. A density current, is not that 
different from normal open channel flow: in the latter case air replaces the overlaying fluid 
body and the stream can therefore also be seen as a "density current"; only in the case of air 
above a water stream the density difference is so large that the inertia effects of the air 
compared with those of water may be neglected. 
Density currents are not only found when liquids of different densities move relative to each 
other. The movement of moist air in the form of clouds spilling down a mountain valley or 
dust rolling down a slope are common examples of density currents. When one analyses the 
behaviour of density currents related to sediment transport through reservoirs (also known as 
turbidity currents), a number of questions come to mind: 
Why do density currents occur? 
Under what conditions will density currents form? 
How can the density current movement be described hydraulically? 
What is the relationship between sediment transport and the hydraulics of a density 
current? 
Can density currents be utilized effectively as a means of transporting sediment 
through a reservoir without deposition? 
4.2 Description of density currents in reservoirs 
The formation of density currents was first observed at the beginning of this century in some 
of the world's large reservoirs. Along the upper reaches of a reservoir, stable, floating debris 
is observed, indicating the so-called "plunge point" where the inflowing river stream changes 
into a density current (Photograph 4.2-1). The stationary position of the debris is caused by 
the slow upstream movement (or near zero velocity) of the overlying water mass, just 
downstream of the point where the sediment-laden inflow dives below the stored water mass. 
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Apart from the evidence at the plunge point, nothing can be seen of the density current, 
except when it exits the reservoir through suitable low-level outlets provided it reaches the 
dam. Under unfavourable boundary conditions, the density current could either be broken 
up through turbulent mixing in certain parts of the reservoir or through deposition of 
sediment, whereby the density difference which drives the density current, decreases. 
Photograph 4.2 - 1 Plunge point at Eril Emda Reservoir 
Density currents do not only occur in reservoirs on heavily silt-laden rivers such as the Eril 
Emda Reservoir in Algeria, Lake Mead in the USA or Sanmenxia Reservoir in China, but 
also in reservoirs with flows containing low sediment concentrations such as the Sautet 
Reservoir in France. 
Density currents may travel long distances through reservoirs, for example over 100 km in 
Lake Mead and 80 km (1961) in the Sanmenxia Reservoir. 
Typical density current velocity and suspended sediment profiles are shown in Figure 4.2-1 
as observed in Gaunting Reservoir, China and Figure 4.2-2 as observed in Sanmenxia 
Reservoir, China. (Fan, 1986) 
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It was found in practice that a density current moves at a slow speed, typically of thecorder 
of 0, 1 to 0,3 mis (in some cases higher), and yet is able to transport high sediment loads for 
distances over 100 km through a reservoir. As will be shown later, these low velocities are 
related to the density difference between the lower denser fluid and upper "clear" water, 
which effectively reduces the effective gravitational acceleration by 100 to 1 000 times. The 
effect of this is that the flow of the gravity current can be described as if in "slow motion". 
In flume experiments it was noticed that a density current can "jump" over obstacles in its 
path, due to the low relative "gravity" (g). Around bends the surface level increase is often 
so much that fluid spills out of the main channel and at the downstream outlet the density 
current can flow vertically upwards provided that the outlet is correctly sized and is at a 
certain height. 
Density currents have often been associated with delta formation in reservoirs. It was and 
is still believed that the delta provides the ideal boundary conditions for the density current 
to form. The author, however, believes that in fact a density current leads to the formation 
of a delta, not the other way around. As will be shown later, more favourable conditions for 
the formation of a density current exist without a delta. 
Graf (1983) stated that density currents in reservoirs typically transport sediment particles 
smaller than 20 micron in diameter with a settling velocity of less than 0,03cm/s, which 
implies that a density current velocity of 0,03 emfs is required for maintaining suspension of 
sediment. He stated that density currents will be either depositing, eroding or steady state, 
with equilibrium between bed erosion and bed deposition existing in the latter case. 
It will be shown in this chapter that density current sediment suspension is similar to that in 
open channel flow. Deposition of coarse sediment normally occurs at the plunge point due 
to insufficient transport capacity of the density current, while the further movement of the 
density current can be associated with deposition of sediment (at underwater obstacles) or with 
steeper slopes erosion may occur depending on the critical shear stress and sediment 
availability. 
At the plunge point, transition occurs from a normal turbulent stream to a density current, 
with continuity in discharge being maintained. Not all incoming sediment is however 
removed by the density current, as the larger particle sizes are immediately deposited, and 
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invariably in reservoirs all over the world it has been found that only the finest se<Jiment 
fractions of silt and clay are transported by density currents through the reservoirs. This 
means that although the settling velocities of the particles are much reduced through the 
reduction in effective gravity, the transport capacity of the density current is still not sufficient 
for the transport of all incoming sediments. 
4.3 Hydraulic description of density currents 
4.3.1 General 
In the previous sections, density currents and possible reasons/explanations for some of the 
associated phenomena were given in general terms. It is necessary to obtain a better 
mathematical understanding of the movement of a density current and also to review some 
of the theories proposed by other researchers in the past, as no generally accepted theory 
exists. 
Consider the vertical velocity, suspended sediment concentration and shear stress distribution 
in density current flow, as indicated in Figure 4.3-1, which will form the basis of discussions 





Velocity Shear stress Concentration 
Figure 4.3 - 1 Density current velocity, suspended sediment concentration and shear~ distributions 
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4.3.2 Velocity distribution 
In laboratory and field studies, the vertical velocity distribution has been found to be 
increasing logarithmic in layer 1 from the bed to the maximum velocity level (between layers 
1 and 2) (Figure 4.3-1). (Ashida et al, 1975; Childta, 1989) From this point upwards in 
layer 2, the profile again seems to be decreasing logarithmic until a sudden change in slope 
at the so-called "inflection point" between layers 2 and 3 is reached. Through layer 3 the 
velocity decreases upward until it reaches zero at the point of contact where the velocity 
becomes negative due to upstream flow in the upper reservoir layer. In layer 4 the velocity 
is often zero or slightly negative with a typical open channel velocity distribution. 
4.3.3 Vertical suspended sediment distribution 
The sediment distribution should be seen in relation with the velocity distribution. 
(Figure 4.3-1). In the lower layer 1, the sediment distribution is similar to that found under 
turbulent flow conditions. Normally the sediment is also uniformly distributed due to the 
small particle sizes. The reduction in the z value is due to the low settling velocity and 
related change in distribution as explained in Chapter 3, with 
w z =---
Just above the maximum velocity level, the sediment concentration decreases rapidly to almost 
zero near the inflection point in the velocity profile, which is also normally specified as the 
upper boundary of the density current. Only a small quantity of sediment is diffused into 
layer 3 and is transported in this layer. 
In terms of our knowledge of turbulent suspended sediment transport, it is easy to explain the 
rapid reduction in sediment concentration in layer 2. The relative suspended concentration 
for turbulent open channel flow is given by: 
c =UI 
co (· Z): 
.. c « (· :r 
(3 .8-1) 
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which means that as the maximum velocity is reached at the top of layer 1, dv .... o and 
't .... 0 and therefore C .... 0 . It is thus only the turbulence along the bo~dary of the 
density current which carries any suspended sediment above layer 1. In theory the suspended 
sediment transport in layer 2 should be zero, caused by the "barrier" of 't dv .... o at 
dy 
v = v maximum between layers 1 and 2. 
4.3.4 Shear stress distribution 
Within the lower two layers (1 and 2), the shear stress varies linearly (Figure 4.3-1) (Ashida, 
1975). In layer 3 a non-linear shear stress distribution is found, while at the top in layer 4, 
the distribution is linear as in open channel flow. 
Although layers 1 and 2 are normally described as the density current, it is believed that at 
least layers 1, 2 and 3 should be considered in the mathematical description of a density 
current. From continuity: 
(4.3-1) 
(4.3-2) 
= f,D1 V C dy 
Yo 1 1 
with y measured from the bed and if it is assumed that layers 2 and 3 make 
insignificant contributions to the sediment load. Therefore all 3 layers form part of the 
density current. 
4.4 Mathematical description of velocity distribution and the layer thickness of a density 
current 
i) Within the lower layer DI> Ashida (1975) found a logarithmic velocity distribution 
in his laboratory tests (see Figure 4.4-1) and he therefore adopted a velocity 
distribution equation of the form: · 
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Figure 4.4 - 1 Velocity distribution from channel bed to maximum velocity (Ashida, 1975) 
In layer two, at the interface, Ashida related the mixing length (~o) to the layer 
thickness (Dz) and found the relationship indicated in Figure 4.4-2. 
With e = eo + JS (D1 + Dz - y) at the interface, Ashida again assumed a 
logarithmic velocity distribution for layer 2. By making further assumptions 
regarding the shear stress distribution in layer 3 (see Figure 4.4-3), Ashida derived 
a velocity distribution relationship for layer 3 and together with assumed sediment 
concentrations, the discharge and sediment transport continuity equations could be 
solved mathematically. 
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Figure 4.4 - 3 Distribution of velocity, shear stress and sediment concentration (Ashida, 1975) 
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Ashida was one of the first authors to describe the velocity, shear stress and susp.ended 
sediment distribution in the density current. Some of the assumptions made by Ashida can, 
however, be criticized. The assumed relationship between eo and D2 is not based on theory 
and need therefore not be true for all data, as is found with different data in Figure 4.4-2. 
The mixing length (or R) at the interface should rather be calculated theoretically by using 
boundary layer theory as will be shown in the next section. 
In density current flow, 3 boundaries can be observed: at the bed, at the top of layer 2 
where the suspended sediment concentration .... Q , and at the level where v .... o. With certain 
assumptions, it should be possible to describe the velocity distribution and layer thicknesses 
in a density current mathematically. The knowledge of laminar and turbulent boundary 
conditions derived in Chapter 3 can be used effectively to describe the mathematical 
relationships. Unlike for turbulent homogeneous flow, the velocity distribution relationship 
for a density current cannot be established without considering the influence of sediment 
transport. 
The suspended sediment transport in a density current affects the energy dissipation rate as 
represented by kappa (K) as follows: 
a) At the bed in layer 1, the highest sediment concentration is found with a related 
reduction in K to estimated values of as low as 0,2. (fypical of that found in open 
channel flow). A reduction in K leads to an increased velocity gradient (:) in 
layer 1 near the bed. 
b) At the top of layer 3, v .... Q and the suspended sediment concentration approaches 
zero. Therefore K .... 0,4 , a typical value in turbulent open channel flow with no 
sediment transport. 
c) As the sediment concentration rapidly decreases in layer 2, the inflection point in the 
velocity distribution (or the interface) is probably caused by the sudden change in 
the value of K at the interface. 
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The velocity profile of a density current can be described by assuming the follGwing: 
i) A laminar boundary layer at the top of layer 3 where v-0 . 
ii) Turbulent flows, corrected for density difference, in layers 3 and 2. Laminar 
flow above the interface (above layer 2) would at first seem to be more 
probable, but such an assumption cannot explain the relatively great depth of 
layer 3 and the velocity distribution. A correction of the density difference 
is also necessary, since some sediment is diffused upward and transported in 
layer 3. 
iii) Turbulent flow, corrected for density difference, in layer 1, derived from the 
same principles as those applicable to rough bed conditiollS. 
iv) Logarithmic velocity distributions in layers 1, 2, and 3 for turbulent 
conditions, adjusted with correct K values as these values change with depth 
in each layer. 
For layers 2 and 3 
At the top of layer 3, with y measured downward as in Figure 4.3-1, in the laminar layer, 
and following the same approach as with open channel flow in Chapter 3. 
dv 







In the rest of layer 3, the flow is turbulent and the shear stress: 
• = LR2f dv)2 = !::. pgs(D2•3 -y) 
21t ~ dy 
(4.4-2) 
(4.4-3) 
Following the same derivation as with ti.trbulent open channel flow in Chapter 3, it is 
possible to show that: 
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.. dv = J27tApgD2.~ 
dy PY 
(4.4-4) 
Assuming that at the boundary between the laminar and turbulent density current flow at the 
top of layer 3, 
't dv laminar = 't dv turbulent 
dy dy 
and 't laminar = 'tturbulent ' then 
dv laminar = dv turbulent 
dy dy 
A (Dz+3-y) J27tg 'Dz.~ . / A p 
apgs--- = , with g = - .g (4.4-5) 
µ y p 
Solving Equation (4.4-4) now for y = h5 , the thickness of the boundary layer, to be used 
as integration constant when deriving the velocity: 
= 
J27tg 1D2 ,.3s. µ 
A pgs(D2• 3 -h5) 
{in.µ . D h D ~--=---; assuming (2•3) - s::: (2•3) 
Jpll.pgDC2,.3>s . 
Integration of Equation 4.4-4 yields: 
v<2•3l = J21tg
1DC2•3> sen y+A 
with A an integration constant. 
(4.4-6) 
(4.4-7) 
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At the top of layer 3 at the boundary layer: 
- A pgs - 2 h ) - . /2 ' h A v<2 • 3> - --(2Dy y . 5 - v rtg Ds en 5 + 2µ 
(4.4-8) 
A.pgsDh5 
:.A = - J2rtg 'Dsmh5 µ 
and Equation 4.4-7 becomes: 
(4.4-9) 
Substituting Equation 4.4-6 in Equation 4.4-9 gives: 
(4.4-10) 




Equations 4.4-10 and 4.4-11 can now be solved together by using the fact that the maximum 
velocities in both equations are common: 
Equation 4.4-10 becomes 
(4.4-12) 
and Equation 4.4-11: 
(4.4-13) 
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Equations 4.4-12 and 4.4-13, however, contain 3 unknowns: D 1, Dz+3 and vmax· A third 
equation is therefore required which expresses D1 in terms of D2+3• This third equation is 
found when combined translation and rotation in turbulent flows are considered. 
As was indicated in Chapter 3 for turbulent open channel flow, turbulent flow translates at 
relative velocity v = y dv . In a density current the same principle applies near the bed 
0 0 dy 
as well as at the top of layer 3, so that the translation velocity at the top and bottom of the 
density current velocity profile should be equivalent: 




with typical expected values of K1 .... 0,2 to 0,3 and Kc2+3> = 0,3 to 0,4 
Equations 4.4-12, 4.4-13 and 4.4-15 can now be applied simultaneously to solve for D1 and 
4.5 Verification of theory to predict velocity profile and layer depth of a density current with 
laboratory and field data 
Using the data of Ashida (1975) and Childta (1989) as sources of laboratory. and field data 
respectively, it is possible to calculate the upper layer depths D2+3 from observed D1-values 
as a first check on the validity of Equations 4.4-12 and 4.4-13. Predicted D(2+J> values can, 
however, only be determined accurately if correct values of K1 and K<2•3>are used. Although 
K1 values have been determined by Ashida and Chikita, no data for Kc2+3> -values are 
available, and realistic values had to be assumed. 
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Assuming Kcz•J> = 0,4 (as for no sediment transport) and K1 = 0,2 at the bed. the 
predicted D2+3 versus observed D2+3 data are indicated in Figure 4.5-1. It is clear that the 
assumptions made in the derivation of Equations 4.4-12 and 4.4-13 give consistent upper 
layer depths for both laboratory and field data. Predicted versus observed Dc2+3> depths 
however still need to be compared using real Kappa values. 
Unfortunately D3 data were not published by Ashida, and in only 3 experiments was the ratio 
of D(2+3/ D2 indicated as varying from 2,1 to 2,5. Using K1 = 0,25 and is.3 = 0,32 
provides realistic observed K
1 
data as well as solutions in terms of Equation 4.4-15 for 
assumed D1 and D2+3 = 2,5 x D2 values for Ashida's data. With Kl' is.3 and 
D1 known, D2• 3 can be calculated from Equations 4.4-12 and 4.4-13 and compared with 
"observed" Dc2+3> data = 2,5 x D2 as shown in Figure 4.5-1. Using the same approach, 
reservoir data of Childta (1989), are also used to verify the mathematical assumptions, as 
shown in Figure 4.5-1. In this case Dc2+3> = 3 x D2 had to be used, as inferred from the data 
of Childta. 
Although a number of assumptions had to be made owing to the lack of certain observed 
variables in the laboratory and field data, it is believed that the basis of the theory used in 
deriving Equations 4.4-12, 4.4-13 and 4.4-15 is sound, as was provisionally proven in 
Figure 4.5-1. Future detailed laboratory tests will be required to establish Kl' Kz• ~ , 
Dl> D2 and D3 values with different channel slopes, discharges, sediment loads and bed 
roughnesses. 
4.6 Movement of a density current : flow resistance and velocity 
It is possible to derive theoretically, from equations of sediment transport and discharge 
continuity, a relationship for the average velocity of a density current by integrating the 
velocity distribution with depth and by using the theory as derived in the previous sections. 
The many unknowns in such a relationship make it difficult to apply in practice and therefore 
most researchers have resorted to a Chezy type equation with all the unknowns incorporated 
into a single empirical constant CH in the equation: 
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0.01 0.1 1 
0(2+3) observed (cm) 
Figure 4.5 - 1 Observed versus calculated density current layer depths 
with s = s0 , the bed slope, assuming a uniform density current 
and D = depth of layers 1 and 2. 
10 
(4.6-1) 
Studies have been undertaken by Raynaud (1951), Bata (1953), Blancket (1954), Michon 
(1955), and Levy (1958) on the value of CH in laminar and turbulent regimes. 
Fan (1960) described the movement of a density current in terms of the equation of motion. 
Consider a fluid element in a density current: 
1 dp dy 1 a. v dv i av 
--+-+--+-+-+-+-=0 
y' dx dx y' dy g dx g dt 
(4.6-2) 
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with p = total pressure = p1 (due to lighter fluid) + Ap (due to density difference)"' 
y' = specific weight of the density current 
y = distance from horizontal reference line 
If the depth of the density current is h' and the depth of the overlying water h, then the total 
depth is H = h + h ' (see Figure 4.6-1). 
Assuming homogeneous fluids, above and below tlie interface 
p + y'y = yH + (y 1-y)h 1 + yy0 
and dp + y' dy 
dx dx 
dH dh 1 1 dyo 
dx +t:..y dx +y dx 
with y = specific weight of overlying water 
(4.6-4) 
Fan further assumed that 't'
0
, the mean bed shear stress, and •; , the shear resistance at 




Figure 4.6 - 1 Schematic diagram of a density current 
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Where A and A· are the corresponding coefficients of friction. 
0 I 
Considering a segment of the density current with width b, bed slope J0 and interface slope 
I;, the equation of mean motion of the density current reads: 
_.!_ dH + t:..y dh' + dyo + (Ao v 2 + AiV 2 ) + (~ dv + 1 dv) = O 
y' dx y' dx dx 8 gh ' 8gh ' g dx g dt 
(4.6-6) 
in which 
dH =1 -1 dx O n 
dyo =lo 
dx 
A.y = y' - y 
and J = negative slope at water surface. 
n 
The frictional stress exerted along the interface is 
A; ' v2 




b + 2h 
Substituting the above equations into Equation 4.6-6 yields : 
t:..y (J _ dh') + v 2 dh 1 _ Amv2 _ .! dv = 0 
y' 0 dx gh I dx 8gR g dt 
(4.6-7) 
with A = mean friction coefficient of the underflow 
m 
= A + A [-b- + h' (b+2h)l 
0 
i 2h 1+b h (b+2h) 
(4.6-8) 
For unsteady, non-uniform density currents, Fan used Equation 4.6-7 to predict depths. For 
steady density currents .A = 0,02 to 0,03, but Fan used A = 0,05 for unsteady 
m m 
conditions. 
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A v 2 
m 
with R = hydraulic radius = bh 1/(2h 1 +b) 
and for uniform flow dh 
1 
= O; then 
dx 
v=--gRJ - ~ 8 ~y Am • y' . o 
which is similar to a Chezy type equation for uniform open channel flow. 
(4.6-9) 
(4.6-10) 
Fan found the mean friction factor Am (Equation 4.6-8) from flume studies to be independent 
of the Reynolds number and to remain almost constant as shown in Figure 4.6-2, when the 
flow is turbulent. 
For a bed friction of A = 0,02, Fan found the interfacial friction factor A. z 0,005 
0 I 
as shown in Table 4.6-1. 
Table 4.6-1: lnterfacial friction factor 
Jo Average h 1 (cm) Average ).i 
0,0005 14,4 0,0047 
0,005 17,8 0,005 1 
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In the Guanting Reservoir, China, Fan found the same constant mean friction factor as in the 




.. - • 




O 103 2x103 3x103 4x103 5x103 6x103 7x103 8x103 9x103 10x103 
Re=!L 
v 
Figure 4.6 - 3 Friction factor in Guanting Reservoir 
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Fan (1960) also found that supercritical and subcritical conditions can prevail in the ,fiensity 
current, and the transition from one condition to another is possible in the plunging phase, 
with submerged hydraulic jumps being formed. 
A relationship between typical depths of flow and density current thicknesses for the Guanting 
Reservoir as well as flume data is shown in Figure 4.6-4. 
Such a relationship will be site specific and will depend on a number of specific boundary 
conditions such as bed slopes, discharge, sediment characteristics, etc. 
So far, only one-dimensional density currents have been considered. The influence of flow 
width on a density current is, however, also important in order to quantify total sediment 
transport. 
• Flume 
o Guanting Reservoir 
5 
• 
Jo = 0.001 for open channel flow 
Jo = 0.0196 for density current 
10 15 
v for open channel f low 
j \ 1 gh0 
20 
Figure 4.6 - 4 Ratio of density current depth to open channel flow depth in Gaunting Reservoir 
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4.7 Cross-sectional variation in velocity and sediment concentration across a density c;_1,1rrent 

















At the early stages of impoundment, a density current usually moves along the original river 
channel. Later, as the main channel is filled through sedimentation, the topographical width 
exceeds the width of the density current. Examples of observed lateral and vertical velocity 
and concentration distributions in the Sanmenxia Reservoir, 1961 , are depicted in 
Figure 4.7-1 (Fan, 1986). 
Range 26, Sanmenxia Reservoir 
lsolines of velocity (mis) 
5:50-7:50 
July 25, 1961 
2000 2 500 3000 
DISTANCE (m) 
lsoline of velocity 
5:00- 6:30 
July 26, 1961 
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The general validity of a density current uniform flow velocity equation of the Che07 type 
has been demonstrated by experimental studies and applied successfully. 
Harleman (1961) used: 
(4.7-1) 
f = Darcy-Weisbach friction factor with 
and = factor describing shear distribution at interface as function of bed 
shear, with 't; = <n 0 (4.7-2) 
Harleman proposed the use of a = 0,43 for turbulent density current flow and f-values 
from the Moody diagram for pipe flow. 
For laminar flow (Re < 1000), Harleman proposed 
v = 0,375,fRefiifhSo (4.7-3) 
which was determined theoretically. 
Harleman (1961) applied equation 4.7-1 to Lake Mead, USA and obtained consistent results 
with actual measurements . Middleton (1966) experimentally confirmed Equation 4.7-1 for 
density currents of salt solution and clay suspensions, with A p<l and s
0 
< 0,03 . 
Keunen (1952) obtained a simple relationship from flume studies: 
v = C' '/i'7Jh 0s0 
with g = 
in contrast to , Ap g =-
Pi 
with p2 = density in density current, 
(4.7-4) 
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Keunen proposed C'' = 280 cm'h/s in reservoirs for s
0
>20° 
Hinze (1960) showed that the empirical relationship used by Keunen (1952) can be derived 
theoretically. Using boundary layer theory, Hinze obtained Equation 4. 7-4 with 
C" = .ftsuspension density distribution, friction coefficient at interface) with 
280 < C" < 560 cm v./s. 
Bagnold (1962) proposed an auto-suspension model as the criterion for the continued self-
maintenance of a density current, which can be rewritten in the form: 
(4.7-5) 
but the term sine is replaced by (sine - w) , with w = settling velocity of particles. 
v 
Bagnold used an energy balance principle: 
Layer integrated turbulent energy production = work done against negative buoyancy force 
+ turbulent energy dissipation. 
JH-1 I\ f!u JH JH (u v ,-.dy = bvcosedy + Edy o oy o o (4.7-6) 
The energy dissipation term cannot be evaluated properly without velocity and density 
profiles. It is therefore difficult to verify Bagnold's concept (Middleton, 1966). 
4.8 Motion of the head of a density current 
Every uniform flow region of a density current is preceded by an initial head also known as 
the nose. Hinze (1960) referred to it as the spreading-out phenomenon, during which the 
density current displaces the fluid which it enters. Altinaker (1990) plotted the shape of the 
head non-dimensionally as shown in Figure 4.8-1. 
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- - - - Keu/egan (1958) 
-- Middleton (1966)' 
- · -· - Benjamin (1968) 
00 l hn/Hi. 
. --t-=1~~-L.--,---r--,.----r---r---.--....---..--~--1 
0.0 1.0 2.0 
Figure 4.8-1 Non dimensional density current head shape 
Middleton (1966) observed that the head had a well-defined shape, with a depth twice the 
uniform flow depth, while the velocity is less than that of the uniform flow. It is also a 
region of intensive erosion. Middleton (1966) found from flume studies that the motion of 
the head in the density current was closely described by the laws developed by Keulegan 
(1958) for saline surges . It was found that the velocity of the density current head on slopes 
up to 4 % is adequately expressed by Keulegan 's (1958) formula: 
(4.8-1) 
with h,, = thickness of the head. 
Turner (1973, 1979) proposed Equation 4.8-2 for the velocity of the head: 
(4.8-2) 
with h = depth of uniform density current flow. 
Stellenbosch University  https://scholar.sun.ac.za
4 - 26 
When considering the three-dimensional motion and slope influence, Turner propos~: 
(4.8-3) 
which is the same equation as proposed by Keulegan (1958). 
Density currents are characterized by a distinctive raised head, followed by a quasi-uniform 





Figure 4.8-2 Density current head 
e=f(z) 
K-H billows 
v = f(z) 
H 
Head / F 
The head constitutes a region of intense mixing and wave breaking, with a highly irregular 
front. 
Altinaker (1990) compared his flume data with those of Middleton and Turner and proposed 
a smaller "Chezy" coefficient value of 0,63 in the equation: 
v = 0 63Jg 1h 
n ' n 
(4 .8-4) 
which is shown graphically in Figure 4.8-3. 
The data used in Figure 4.8-3 show considerable scatter, but this is understandable since the 
channel slope was not considered. The data in the Altinaker experiments were derived from 
bed slopes < 3 % . 
x 
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Figure 4.8-3 Density current head velocity 







and slope (s0): 
. (4.8-5) 
as is shown graphically in Figure 4.8-4. 
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Current type Author 
Cl sallne Tochon-Danguy ('Tl) 
• sallne Brltter & Linden (80) I Tsang & Wood (68) Cl • I g Wood('65) ~I ' 
* 
atmosph. Georgeson (42) 
' :~ 














M~ t ~ {~8 '¢' A t I~ A'¢' A* s~ . ~ Current type Author ~ 
<t> ~ ~ 0 0 turbid. cur., K-06 Altlnaker (1990) '¢' 0 
0 turbid. cur., K-13 .. 
• 
... 
saline. # I-!:;. 
'V saline + temo. Wright ('86) 
M saline Middleton ('66) 
a temp. Ashlda et al. ('82) ,_ 
x sallne. Denton ('BOJ 
~ turbid. clay Tesaker ('69) turbid. clav & sand Alnlnaker (1990) 
'¢' turbid. smooth bed Michon et al. ('55) 
... turbid. rouah bed # 
SLOPE e0 
Figure 4.8-4 Dimensionless head velocity as function of bed slope 
The data show considerable scatter, which Altinaker attributed to experimental errors and 
different drag coefficients. 
Although the movement of the density current head differs from uniform flow owing to the 
displacement of stagnant water at the nose, it is proposed here that since vn =fig '.Hr)• 
a Chezy equation as for the uniform density current with a different C coefficient may be 
used: 
(4.8-6) 
The data of Altinaker are shown in Figure 4.8-5 and it is clear that Equation 4.8-6 will 
indeed provide an accerate predictor of the density current head velocity. 
-
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Figure 4.8-5 Velocity of density current head using Chezy type equation 
4.9 Sediment transport by density currents 
Bell (1940) expresses a very interesting view on density currents: "In ordinary streams, water 
propels suspended sediment. In turbid density currents, sediment propels water. Once the 
significance of this paradox has been grasped, a deal of mystery that surrounds density 
currents is stripped away". 
From our current knowledge of hydraulics, we know that the density difference associated 
with sediment transport is required for density current movement. Both open channel flows 
and density current flows will however transport sediment (if available), since the sediment 
provides the mechanism through which the bed can be deformed and whereby the applied 
energy can be minimized. It is therefore not the water that propels the suspended sediment 
or vice versa in streams or density currents, but rather an intricate interrelationship between 
sediment and clear water transport in a process of minimization of energy. 
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When a density current develops from turbulent inflow into a reservoir, coarser sediment is 
immediately deposited (in the delta area) while the fine sediments, up to the sediment 
transport capacity of the density current, can be carried through the reservoir (see Figure 4). 
The physics involved in the sediment transport process is almost the same as with turbulent 
open channel flow. 
As was illustrated by Equation 3.8-1, the vertical suspension of sediment is limited by the 
applied power • : -+ o at the maximum velocity level between layers 1 and 2. Although 
some sediment is diffused into layers 2 and 3, the amount is negligible compared with the 
load in layer 1. 
The sediment being transported in a density current consists of the silt and clay fractions, with 
typical particle sizes and concentration distributions shown in Figures 4.9-1. It is clear that 
in layer 1 a constant suspended sediment concentration and density can be assumed in most 
cases, and therefore the sediment transport can be given by: 





Density current movement is unsteady due to the nature of floods, especially in arid areas. 
Measurements at the Guanting Reservoir clearly illustrate the characteristic of an unsteady 
density current with a reduction in sediment transport and with finer sediment being 
transported by the density current than the by inflow (Figure 4.9-1). 
Fan (1960) investigated the sediment transport capacity of density currents in terms of the 
limiting particle size being transported. From flume tests he established that coarse sediment 
settles almost immediately while finer particles are transported at a constant gradation d!I() = 
0,008 to 0,018 mm and d50 = 0,002 to 0,003 mm, with plunge point velocities of 
40-80 mm/s. 
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Figure 4.9-1 Unsteady density current measured in Guanting Reservoir 
In the Guanting Reservoir the suspended sediment in the density current was found to be 
much coarser with d90 = 0,01 to 0, 13 mm and d50 = 0,002 to 0,003 mm, with a plunge point 
velocity of 0,2 m/s resulting in greater transport capacity and the related larger particles that 
were transported compared to flume studies. 
4.10 Sediment transport in South African reservoirs 
While Lewis (1936) stated that density currents had been observed in Lake Arthur, no 
quantitative data or information was published. No other density currents (turbidity driven) 
have been reported in the country. Although the sediment loads in many rivers are high 
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enough to .create density differences, and suspended sediment loads include enough fine 
particles, the main limiting factor must be the flat bed slopes of reservoirs, especially after 
some time of deposition, which prevent transport through the reservoir. 
During this research density currents were observed after each flushing of Welbedacht 
Reservoir during filling of the reservoir. While the 5 gates in the dam were closed to cause 
filling of the empty reservoir, river outlets remained open which allowed venting of sediment 
transported towards the dam. 
While suspended sediment samples taken near the surface upstream of the dam indicated low 
concentrations, the suspended concentrations of outflows sampled just downstream of the darn 
continued to be high for many hours after closure of the main gates, as shown in 
Figure 4.10-1. 
Time= 17:30 Time= 18:00 Time= 18:30 Time= 19:00 
13k trrr1 1399.52m 9k trrr1 
--+ 
\ 
124 tgflnl 132kg/rrr1 152 tgtrn3 
Time= 19:30 Time= 20:00 Time =20:30 Time= 21:00 
6k /m3 H fln3 3k trn3 2k tm3 
\ --+ 
' 
1'9 kg/nl3 162kg/m3 60kg/m3 30kg/m3 
Time= 21:30 Time= 22:00 Time =00:00 Time =02:00 
3t /ml 3t /ms 3k /ms 
\ --+ 
I 
11 k11/nl3 3 tg/nl3 3kg/ml 
FSL • 1402.9m Bed• 1386m 
Spillway ., 1389.89m Original bed ., 1379.Sm 
Note: Observations of suspended sediment taken at water surface and near bed, at the dam 
Figure 4.10-1 Density current venting at Welbedacht Reservoir 
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The streampower relationship (Chapter 3.13-3) proved that the high observed concentrations 
cannot be related to turbulent suspended sediment transport in the reservoir and some other 
transport mechanism, which could only be density currents, had to be responsible for the high 
concentrations being vented from the reservoir. Flushing with .water level draw-down of 
course provided high turbulent sediment transport capacity and related high concentrations. 
Once the main outlets were closed, however, the coarse sediments were immediately 
deposited, whereas high concentrations of fines created density differences, resulting in 
density currents moving along the bed as the reservoir filled. The steep front set slope within 
Welbedacht Reservoir provided enough streampower for the density current to move through 
the reservoir down to the dam (Figure 4.10-2). The duration of density current flow is 
limited, however, by the limited availability of sediment after the turbulent scouring action 
during the flushing process. After some time, the outflow density current concentration 










10 20 30 
DISTANCE (km) 
Figure 4.10-2 Longitudinal profile of Welbedacht Reservoir bed 
40 50 
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Using the scoured profile of the main channel, it is possible to calculate the mean velocity of 
the density current observed in Welbedacht Reservoir. Suspended sediment concentration can 
then be related to the input streampower function for the density current and compared with 
similar reservoir data from China. 
·Unfortunately only the averaged suspended sediment particle size distribution was determined 
for the 1994 flushings at Welbedacht Dam, and information on the sediment size transported 
by the density current as compared to turbulent transport could not be established. During 
1995, however, the reservoir was flushed again under similar flow conditions as in 1994 and 
this time more detailed sampling and grading analyses were carried out. Figure 4.10-3 shows 
the effective settling velocity changes from the full reservoir before flushing, during flushing 
and during filling with density current venting. 
Wu (1994) derived a sediment transport equation for a density current based on similar 
assumptions as those which were used to obtain the Velikanov sediment transport equation 
for open channel flow sediment transport: 
(4.10-1) 
With V = Kz ~ A; gh 
and = constants 
= height of density current 
w 50 = settling velocity of median particle diameter 
Field data of Gaunting, Sanmenxia and Hongshan Reservoirs with sediment concentrations 




C = 12,75 _v_ 
ghwso 
(4.10-2) 
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Figure 4.10-4 Chinese Reservoir density current sediment transport relationship 
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Calculation of the input streampower versus sediment transport of the Welbedacht Reservoir 
density current shows a direct relationship (Figure 4.10-5) and also agrees with Chinese 
reservoir data (Figure 4.10-4). 
-M 
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Figure 4.10-5 Welbedacht Reservoir density current sediment transport relationship 
4.11 Non-equilibrium density current transport 
Wu (1994) proposed the use of a non-equilibrium methodology in predicting/modelling 
sediment transport by density current through a reservoir, similar to the approach followed 
for turbulent fine sediment transport in reservoirs in China and also proposed in this 
dissertation: 
dC -ocw 
- = - (C-C) 
dx vh 
(4.11-1) 
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with O< = coefficient 
c· = equilibrium sediment concentration 
v = density current velocity 
h = density current depth 
Equation 4.11-1 which has been calibrated for turbulent open channel flow conditions in this 
dissertation {Chapter 3), will probably also be applicable to density current sediment 
transport. Much more data and analyses of equilibrium sediment transport in density currents 
need to be carried out, however, before a good theoretical understanding of non-equilibrium 
sediment transport would be possible. 
4.12 Graded sediment transport by density currents and the sorting proces~ 
Field data from China has been used to establish an empirical relationship between sediment 
size and transport: 
c~ % dx90 = 1,1 . --% -12 
dD90 
(4.12-1) 
with C0 = mean suspended sediment concentration at entrance (plunge point), 
D90 = size of particles for which 90 % material is finer, read from local size 
frequency distribution curve. 
This relationship is shown graphically in Figure 4.12-1 (Wu, 1994). 
Non-uniform sediment transport in a density current can be predicted as for homogeneous 
open channel flow when the equilibrium sediment transport equation is calibrated for various 
particle sizes suspended in the density current. 
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Figure 4.12-1 Graded sediment transport in a density current (Wu, 1994) 
4.13 Formation of a density current 
4.13.1 Review of theory 
Many attempts have been made to predict the formation of a density current: 
Dequennois (1956) suggested (y' - I)q as a criterion for the turbulent flow to form a 
density current. 
Levy (1958) analysed the minimum silt concentration below which a density current will not 
occur. 
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Fan (1960) concluded that in the transition from open channel flow to density current flow, 
dh' increases rapidly at the interface, and 
dx 
dh' 







= 1 . (4.13-1) 
From Figure 4.13-1, it is evident that the velocity decreases as the depth increases in the 
transition zone and that the velocity reaches a minimum and water depth a maximum value 
at the plunge point. Fan therefore proposed that the specific energy 
v2 
E=h +----
2 ay gh' 
y 
has a minimum value at the plunge point, or 
_dE_ = 1- --=q_2_ 





---- = 1 
This parameter is known as the densimetric Froude number (Fr r) . 
Point of plunge 
Interface 
/"' 
Figure 4.13-1 Schematic diagram of density current formation 
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By conducting flume tests, Fan established a relationship for the densimetric Fr0 as given in 
Figure 4.13-2. 
with Vo = 0,78(<1) 
~ ~Ygn0 
(4.13-2) 
Fan gave the reason for the experimental Fr 0 < 1 as "a point of inflection in the streamlines 
at the interface, which is located downstream of the plunge point, where Fr D = 1. " 
Fan (1986) found that the formation of density currents can be forecasted by means of 
Equation (4.13-2) for concentrations < 100kg/m3 • It was, however, found that the 
densimetric Froude number also depends on the inflow sediment concentration and decreases 
with increasing concentration. This explains why different researchers have found such a 
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Cao (1992) published a relationship between Fr0 and the density difference (Figure 4.13-3). 
It appears that when sediment concentrations are < 40kg/m3, FrD = 0,78. As the sediment 
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Figure 4.13-3 Densimetric Froude number and density difference ratio 
Akiyama and Stefan (1987) found an approximate average densimetric Froude number of 0,68 
at plunging. The FrD was only weakly related to the inflow densimetric Froude number (F0 ) 
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Savage and Brimberg (1975) considered the plunging phenomenon in terms of equations of 
motion for a gradually varying two-layer flow . The pressure distribution was considered to 
be hydrostatic and mixing was neglected. Different solutions for the interface profile were 
obtained depending on the bed slope and the relative importance of the two boundary shear 
stresses. 
Denton et al (1981) carried out experiments on temperature-induced density currents and 
found that for mild bed slopes, interfacial and bed shear stresses are important, but for steep 
slopes (S
0
>0,02) , momentum balance conditions at the plunge point dictate a maximum 
densimetric Froude number criterion of 0,67. 
Singh and Shah (1971) and Philpott (1978) also conducted flume studies and obtained 
Fr D = 0,7 for the plunge point, although a range of 0,3 <Fr D < 0, 7 was observed. 
The criteria for plunging used by the above researchers indicate a general variation of 
observed values 0,1 <Fr» < 0, 7, which shows the unreability of prediction of density current 
formation. 
Previous studies have dealt with sloping channels, rectangular cross-sections of constant 
width, or triangular shapes that represent a reservoir geometry. Investigations of the 
formation of a density current based on the densimetric Froude number show considerable 
variation, as shown in Table 4.13-1. 
Table 4.13-1: Densimetric Froude number (Fp) at plunging 
Reference Fp 
Ford and Johnson (1980) 0,1 to 0,7 
Itakura and Kishi (1979) 0,54 to 0,69 
Singh and Shah (1971) 0,30 to 0,80 
Kan and Tamai (1981) 0,45 to 0,92 
Fukuoka et al (1980) 0,40 to 0,72 
Farrell and Stefan (1986) 0,66 to 0,70 
Akiyama and Stefan (1987) 0,56 to 0,89 
Akiyama and Stefan (1987) showed that the angle of divergence also plays a role in estimating 
FP, but the scatter of data is still considerable. 
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Rooseboom (1975) also proposed a method to predict the formation of a density current. 
Consider a fluid element with density p + A p underneath a non-uniform fluid layer of 
density p . Under normal turbulent flow conditions, the element with length Ax is 
pushed forward owing to a pressure difference which exists across the element: 
(4.13-3) 
with s = slope of surface line, 
$ 
p = mass density of upper fluid . 




Due to the existing density difference, an additional pressure difference is generated across 
the element =Apgs
0





indicates the relative importance of density differences in the forward propulsion of sediments 
through reservoirs. 
Using the Chezy equation, Equation 4.13-4 can be rewritten to 
(4.13-5) 
with R = hydraulic radius, C = Chezy coefficient. 
Density difference will therefore play an important role relative to turbulent suspension if the 
value of Equation 4.13-5 is high, ie in cases of : 
• large flow depths 
• large density differences 
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• steep reservoir bed slopes 
• low flow velocities. 
Assuming 
11
: "' constant in all reservoirs, R = average water depth at full supply level, 
and taking the cross-sectional area as D2, 
the following dimensionless parameter was obtained: 
(4.13-6) 
with Q = discharge, with sufficient sediment transport capacity through reservoir. 
The data in Table 4.13-2 were used to calibrate Equation 4.13-6: 
Table 4.13-2 Density current formation (Rooseboom, 1975) 
Reservoir so D(m) Q(m3/s) C(m'h/s) ( So~;D'l 
Lake Mead 0,00074 82 500 70 54 000 
Sautet 0,018 50 200 63 56 000 
Treska 0,004 10 9,5 55 13 000 
Sengari 0,0049 16 1 59 18 000 000 
With the limited data it is difficult to obtain a definite relationship. Conditions in 
Treska Reservoir represent a poorly developed density current and therefore a value of 
>10000 for the dimensionless parameter was assumed (Rooseboom, 1975). 
4.13.2 Prediction by means of minimum stream power principles 
A flowing stream of water with a movable bed will always try to change the boundary 
conditions imposed on it until equilibrium conditions are reached. At equilibrium the energy 
dissipation per unit volume is minimized. In terms of applied stream power, this means that 
the flow can adjust the values of K, k., D and Sr in Equation 4.13-7. 
(4.13-7) 
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Minimization of streampower will also be the reason why a turbulent stream dives to the 
reservoir bed to be transported as density current through the reservoir. At the plunge point 
(as indicated in Figure 4.13-5) input streampower for the density current should therefore 
become equal to or less than that of the turbulent inflow, assuming that the streampower in 
· the upper layer is approximately zero as v ... o in the upper layer. 
At the plunge point from streampower continuity: 
Streampower of turbulent inflow = streampower of density current 
Figure 4.13-5 Plunge point characteristics 
Therefore, for a density current to form it is expected that: 
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Laboratory data on the plunge phenomenon is rather scarce since most experiments 
concentrated on uniform density current movement. As a preliminary test of 
Equation (4.13-10), laboratory data of Akiyama et al. (1987) in which the density difference 
was created by temperature differences was used (Figure 4.13-6). Verification of 
Equation 4.13-10 to test for density current formation does indeed show that less 
streampower is used by the density current than by the turbulent open channel inflow. 
Furthermore, Figure 4.13-5 shows that the densimetric Froude number does not provide an 
accurate means of predicting density current formation due to the large scatter in values. The 
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Even if the stream power in the layer above the density current is added to that of the density 
current streampower, the difference will be negligible due to the small slope (due to the 
reservoir depth) and low velocity in the upper layer. 
Equation 4.13-10 seemingly contradicts the Equation 4.13-4 proposed by Rooseboom (1975), 
who stated that larger density differences, larger slope s0 , and smaller slope Sr (of reservoir) 
will provide better conditions for density current formation. A steep bed slope in the 
reservoir and large density difference will indeed help to ensure the continuous movement of 
the density current through a reservoir, but what Equation 4.13-10 in fact says is that at the 
plunge point a steeper approaching turbulent flow slope Sr will create favourable conditions 
for density current formation as the river meets the water mass in the reservoir. The high 
momentum of the inflowing river enables it to dive underneath the water mass, and once near 
the bed the density difference creates the density current flow and prevents a "hydraulic 
jump" of the submerged flow, with consequent turbulent suspended sediment transport 
through the reservoir. This is shown schematically in Figure 4.13-5. 
Field and laboratory studies indicate that the density differences between riverflow/density 
current and reservoir water can be very small. The dominant variables therefore in the 
formation of a density current (given that there is some density difference), are the river and 
density current slope differences. On the other hand, the bed slope in the reservoir still needs 
to be steep enough for the propagation of the density current after formation. 
Equation 4.13-10 also shows that for a given inflowing river slope, the reservoir bed slope 
at the plunge point has an upper limit at which turbulent mixing can prevent a density current 
from forming. 
4.14 Laminar density currents associated with hyperconcentrated sediment transport 
So far only the characteristics of turbulent density currents have been addressed. Laminar 
density currents also occur and are associated with hyperconcentrated sediment transport. 
First, consider the differences between vertical velocity distribution in laminar and turbulent 
density currents as shown in Figure 4.14-1 (Cao, 1992). 
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Figure 4.14-1 Typical density current velocity distribution (Cao, 1992) 
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Figures 4.14-la and 4.14-lb show typical laminar conditions in the density current. At 
Reynolds number (Re0 ) < 43 (Figure 4.14-la), the boundary condition at the interface is 
laminar, the resistance at the interface is relatively small, and the profile of velocity 
distribution of the density current is similar to that of open channel flow. The resistance at 
the interface is, however, not negligible as in homogeneous flow. 
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Supercritical open channel flow with hydraulic jump transition at the plunge 
point. 
Subcritical open channel flow with mild undulation transition to density 
current. 
Hyperconcentrated homogeneous laminar open channel flow with still 
transition to density current. Two types C can be further observed: 
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point where a non-uniform density current forms with the stable gradient 
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Figure 4.14 - 2 Profile of interface of density current (Cao, 1992) · 
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The flow velocity, sediment transport and prediction of formation of laminar density currents 
can be derived following similar approaches as with turbulent density current flow in the 
previous sections. 
4.15 Venting of density currents through reservoirs 
When a density current reaches the dam, it can either be vented through bottom outlets or will 
"climb" up the dam wall and fall back to form a muddy pool. The climbing nature of the 
density current can be utilized to vent the density current at a high level. By either providing 
a siphon type outlet or curtain at the wall, the density current can be aided to flow out at even 
higher levels above the bed. This approach will especially be useful at existing reservoirs 
without bottom outlets and where density current flows are experienced. 
Bell (1942) indicated the possibility of using a curtain near the dam in flume studies as shown 




Figure 4.15-1 Density current climbing 
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Fan (1960) investigated the maximum height up to which a density current can "climb" to be 
vented and found that openings directly in the path of a density current were the most 
efficient. 
Laboratory results indicated that the maximum height (hJ to which a density current can 
climb to be vented through a circular outlet (Wu, 1994): 
= (4.15-1) 
with q = unit width density current discharge (m2/s) 
h = height of density current (m) 
Q = outlet capacity (m3/s) 
y = specific weight of clear water (k:g/m3) 
Yo = specific weight of turbid water 
The discharge capacity of outlets should equal the density current flow for maximum 
discharge of transported suspended sediments. Secondly the outlets should not be too high 
above the bed, but at a maximum elevation given by the potential energy of the density 
current, represented in the last term of Equation 4.15-1. 
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5. SEDIMENT DEPOSITION PROCESSES 
5.1 General 
Although delta formation has been extensively studied by many researchers and a number of 
empirical forecasting methods have been proposed, it is believed that delta formation is the 
end result of a member of complex reservoir sediment transport processes associated with 
non-uniform sediment and non-equilibrium transport, with the accompanying phases including 
deposition and re-entrainment. Prediction of delta function processes should therefore be 
based on the sediment transport processes within reservoirs . 
Reservoir sedimentation leads to the formation of deltas which are often characterised by 
changes in bed slope and particle size at the transition from top-set to foreset deposits . The 
flood plane delta deposits are formed during significant discharge events and subsequently 
incised during pool drawdown to create a main channel (Figure 5.1-1). 
Multi-deltas may form due to seasonal drawdown of reservoirs (Brown, 1958) . Fine 
sediments are carried in suspension in most rivers in Southern Africa, and the nature of 
operation of reservoirs results in highly variable water levels, which makes the long-term 
establishment of a localised delta impossible. High sediment loads also occur at the end of 
dry seasons when reservoirs are generally at very low water levels . High inflows after a dry 
season and low water levels will initially lead to scouring (reworking) of the existing deltaic 
deposits, which are transported further into the reservoir into zones previously occupied 
mainly by clays and silts . 
In some reservoirs (especially in South Africa) typical delta formation may be distorted by 
highly fluctuating water levels or because inflowing sediments are being deposited over a long 
distance along a narrow impoundment. However, there is typically an abrupt change in the 
particle diameter sizes at the limit of the deltaic zone as is also found in Chinese reservoirs. 
(Figure 5.1-2) (Fan, 1992) 
5.2 Non-cohesive sediments 
Deposition of non-cohesive sediments is a function of the sediment transport capacity as 
discussed in Chapter 3. 
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Figure 5.1-1 Delta deposition and variation in particle size of bed sediment in Gaunting 
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Figure 5.1-2 Longitudinal profile of Shanyiujiang Reservoir and variation in particle size 
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5.3 Cohesive sediments 
5.3.1 General 
Cohesive sediments are very fine (d < 0,002 mm) negatively charged clay minerals which 
have a certain capacity to absorb cations. When they are in colloidal suspension, the 
repulsive forces between these particles will dominate and they can remain in suspension for 
a long time. Cohesion occurs when repulsion is reduced by reduced distance, decreased 
temperature, or increasing salt concentration, resulting in the formation of floes and settling. 
Cohesive sediments are normally transported as suspended load. Although many models have 
been developed for suspended sediment transport, modelling of cohesive sediment as found 
in most South African reservoirs is still not well understood. 
Deposits of cohesive sediment are held together by the bonding force of positive and negative 
ionic charges on clay minerals. The settling rate of cohesive sediments is affected by 
flocculation . Floes and aggregates are formed by the bonding force of positive and negative 
ionic charges of the clay minerals and occurs when a river flows into a saline reservoir (salt 
concentrations < 400 to 600 ppm are sufficient) (Slaff 1991), or at high concentrations of 
cohesive sediment. Collisions of the sediment particles are caused by: 
Brownian motion parakinetic flocculation 
This is a slow process only significant at concentrations above lOg/ e, and weak aggregates 
are formed. 
Velocity gradients/shear motion: ortokinetic flocculation 
Only particles with similar sizes aggregate, forming strong, dense aggregates. 
Settling velocity differences of particles 
Such differences cause weak aggregates. · 
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The last two collision-causing mechanisms are the most significant. 
The order of processes are: clay particles form floes, flows form floe aggregates, which form 
aggregate networks on the bed. 
When no aggregate break-up occurs and aggregation is well advanced, the median settling 
velocity w is a function of the suspended solid concentration Cs . 
w = acc;i (5.3-1) 
Values for b have been found equal to 1 for montmorillonite (Migniot, 1968) and b = 4/3 
for mixed mineral mud (Krone, 1962). The settling velocity increases with concentration to 
10 g/e. At higher concentrations hindered settling oc~urs (Piece and Williams, 1966). 
Slumping, the flow of disturbed bed material following the failure of an underwater slope, 
caused by flushing or deposition, occurs when the downslope component of buoyant weight 
of the material above the rupture plane exceeds the resisting force mobilized by the sediment 
(Mitchell et al, 1972). This phenomenon is partially responsible for the horizontal deposition 
patterns found in reservoirs. 
Photograph 5.3-1: Mbashe Reservoir sediment slumping 
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5.3.2 Basic properties of cohesive sediment 
Cohesive sediments are characterised by two main properties: plasticity and cohesion, due 
to surface physico-chemical forces on the sediment particles smaller than 2 microns 
(Partheniades, 1986). Under the influence of these forces and fluvial conditions, colliding 
fine particles stick to each other forming agglomerations known as floes, with sizes and 
sett! ing velocities exceeding by orders of magnitude those of the individual particles. The rate 
of floe growth is determined by the concentration, physico-chemical properties of the 
sediment-water system and the flow turbulence, while forces counteracting floe growth 
include interflow collision, drag shear stresses during deposition and high near-bed shear 
stresses in a river. 
Settling primary floes may collide with others to form higher-order aggregates . Three classes 
of particle aggregates considered are: the primary floe, floe aggregates consisting of a 
number of floes, and aggregate networks consisting of a number of floe aggregates as found 
in recent fine sediment deposits, schematically shown in Figure 5.3-1. 
Figure 5.3-1 Schematic picture of flocculated recently deposited cohesive bed 
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The boundary between cohesive and cohesionless sediment is, unfortunately, not clearly 
defined and generally varies with the type of sediment. However, dominance of interparticle 
cohesion over gravitational force increases with decreasing particle size. Thus the effect of 
cohesion on the behaviour of clays (d50 < 2µm) is much more pronounced than on silts (2 
to 60 µm ) (Mehta, 1989). 
Several studies have been carried out on the effect of suspended sediment concentration on 
floe formation during deposition. Quinn (1980) found the settling velocity to be directly 
related to sediment concentration in quiescent water. Partheniades (1986), however, 
concluded that "Deposition experiments, however, in quiescent water may reveal some 
important aspects of flocculation, ... , but they bear little resemblance to the depositional 
processes in flowing water. In quiescent settling all aggregates eventually deposit and a 
settling interface is formed marking the lower limit of the settling velocity of the floes . ... In 
flowing waters . . . no such interface is observed; the far-bed turbulence constitutes the 
dominant mixing mechanism while the highest floe disruptive shear stresses are encountered 
in the near-bed region." 
5.3.3 Flocculation and hindered settling 
The effects of suspension concentration, salinity and the flow turbulence on aggregate settling 
velocity are found the be the most important factors. In general the settling velocity increases 
with concentrations up to 5 000 to 10 OOOmg/£, above which it begins to decrease with 
increasing concentration as a consequence of hindered settling. Hindered settling occurs when 
the sediment forms a nearly continuous network through which pore water must escape slowly 
upwards for settling to continue. (Mehta, 1989). 
Settling velocities of flocculated cohesive sediments typically increase with increasing salinity 
up to 10 points per ton (Krone, 1962). Krone (1962) found settling velocities from flume 
experiments only about 20 percent of those from quiescent settling tests. 
In this dissertation sediment transport equations were calibrated assuming individual particle 
settling velocities as determined by Stokes' law for fine sediment. Flocculation was not 
considered, as it is believed that with turbulent flow conditions, flocculation will probably not 
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occur. This assumption was confirmed to some extent by the calibrated sediment transport 
equations using reservoir data obtained under a wide variety of conditions. 
Although so-called sink terms for deposition in terms of settling velocity (often related to 
sediment concentration to include the effect of flocculation) have been established, it is 
believed that deposition of cohesive and non-cohesive sediment is controlled by the sediment 
transport capacity of specific flow conditions only. A sediment deposition function can only 
be related to the transition from non-equilibrium to equilibrium transport, which is not 
instantaneous as with non-cohesive sediment. 
5 .4 Reservoir cross-section deformation 
From reservoir basin surveys it is evident that cross-sections change systematically under 
conditions of deposition and scouring. During flushing operation and complete draw-down 
of water levels, the retrogressive erosion scours a channel in the deposits, while no removal 
of overbank deposits is possible. Although the scoured channel and deposition geometry and 
scouring rates might be complicated due to sediment cohesion, it should be possible to 
describe these changes using the principles of minimization of stream power. In most 
mathematical models, however, the geometry of cross-sections is adjusted by empirical 
relationships based on data from the field or physical models. 
The stream power being applied in maintaining motion reaches a very high maximum value 
along the bed. Whenever alternative modes of movement exist, the stream will follow that 
mode which requires the least applied power. 














depth of flow 
Von Karman coefficient 
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radius of turbulent eddies formed along the bed 
(5.4-1) 
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In determining the dimensions of a channel, the laws of conservation of mass for both water 
and sediment as well as the equations of motion have to be satisfied. That particular 
combination which corresponds to minimum applied stream power will determine the actual 
channel shape. As _the major portion of the applied power is used along the bed, the total 
power input (pgsQ) may be taken to represent applied power along the bed. Equilibrium 
cross-sections in stable alluvial channels therefore correspond to conditions where (pgsQ) 
reaches a minimum value (Chang, 1980). 
In unsteady channel conditions, when the discharge or slope changes, the total power input 
changes and the applied power changes accordingly: 
pgsD[iDs.B 
K Yo 
represents the power being applied across the stream per unit distance. 
If the power input increases, this could be accommodated by: 
increase in slope (s) by taking a shorter route 
increase in depth (D) by scouring of stream bed 
increase in width (B) 
decrease in K with increased sediment transport 
smoothened streambed by decreasing y
0 
The relative change in each variable will depend on the relative ease with which a given 
stream can adjust each of the variables. 
Stable bank slope (mJ 
For rivers, a number of side slope criteria are given in textbooks. Typical me values are 
listed in Table 5.4-1. 
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Table 5.4-1: Critical bank slopes for river conditions (units: 1 to values in table) 
(Deng, 1994) 
Mountain Hillside Middle Lower reaches Wandering 
reaches reaches reaches Clay bank Loam Sand reaches 
1,25 - 1,5 1,5 - 2,0 2-3 2-3 3-4 4-6 6 - 12 
It is more difficult to determine me values for a reservoir, where me is the maximum side 
slope at which sediment particles on an incline attain their threshold condition of motion due 
to tractive force 't'c • me cc _.!_ and 'tc = f (specific weight (y) of deposits) (Deng, 
't .. 
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Figure 5.4-1 Critical bank slopes of deposited sediment 
5.5 Sediment density 
0.6 
Sediment densities of as low as 200 to · as high as 2 000 kg/m3 have been observed in 
reservoirs. Prediction of the correct sediment densities as well as changes in density with 
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time can be crucial in establishing reliable sediment deposition profiles in a reservoir. The 
hydraulics of reservoir sedimentation are not only affected by different sediment densities 
following from deposition processes; especially during re-entrainment of cohesive sediments, 
sediment densities play a .dominant role in determining critical conditions for mass erosion, 
as will be shown in Chapter 6. Sediment densities are interrelated with several other 
hydraulic processes within a reservoir and are of such importance that an in-depth review of 
theory and verification with field data is included in this chapter. 
Sediment deposits consolidate in time forming a dense, cohesive .mass with low erodibility 
(Delft, 1992). The density is a function of: 
• the weight of overburden 
• particle size and distribution 
• the degree of exposure to drying/reservoir operation (most significant factor) 
• permeability 
• the age of deposits and consolidation rate 
A widely used method to predict sediment density has been developed by Lane and Koelzer 
(1943) modified by Miller (1953), and Lara and Pemberton (1965). Sediment consolidation 
is described as a function of time, sediment characteristics and reservoir operation based on 
the analysis of more than 1300 field samples and shown in Figure 5.5-1. 
The method is described by Strand (1974), Zhang and Qian (1965) and Annandale (1987) and 
was applied by Braune (1984) to South African reservoirs, where it was found to be reliable. 
Reservoir operators were classified according to type as indicated in Table 5.5-1. 
' 
Table 5.5-1: Reservoir operation classification 
Type Reservoir operation 
1 Sediment always submerged or nearly submerged 
2 Normally moderate to considerable reservoir draw-down 
3 Reservoir normally empty 
4 Riverbed sediments 
Stellenbosch University  https://scholar.sun.ac.za
5 - 11 
-----------------------------------~~.!1_<! ______________________________ _ 
14_ 
Sllt-1 
M Sllt-2 E .--Clay~. . . - . . 
~ 12_ - -·--
g Slit -3 ClaY 2 ---·-·-- ----~ -·--- ----' 10_- -- -----~ -·-·----- ------ --------------- 3 ----- ------C\aY .-- __-~ --------·--- ______ ... ------





10 1 102 
AGE 
Figure S.S-1 Sediment consolidation, sediment characteristics and submergence (Mahmood, 
1987) 
The initial density of sediment (kg/m3) deposits can be estimated from: 
(5.5-1) 
with Pc' Pm' Ps = densities of clay, silt and sand respectively, obtained from field data 
and Pc' Pm• Ps = percentages of clay, silt and sand, respectively, of the incoming 
sediments within each size range (American Geophysical Union) (Table 5.5-2): 
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Table 5.5-2: Sediment type classification 
Sediment type Size range (mm) 
Clay <0,004 
Silt 0,004 to 0,062 
Sand 0,062 to 2,0 
Initial sediment densities are given in Table 5.5-3. 
Table 5.5-3: Initial weight of sediment deposits 
Initial weight (kg/m3) 
Reservoir type P clay p silt p sand 
1 416 1 120 1 550 
2 561 1 140 1 550 
3 641 1 150 1 550 
4 961 1 170 1 550 
Figure 5.5-1 reflects the importance of reservoir operation and frequent flushing in terms of 
flushing efficiency. Younger sediments can be remobilised more easily either by flushing, 
water injection or dredging (Delft, 1992). 
Reported observed sediment densities in reservoirs vary as follows (Braune, 1984): 
Submerged clay and silt: 
Air-dried fine sediment: 
Dry sand and mixed sediments: 
320 to 960 kg/m3 
1 200 to 2 000 kg/m3 
1 360 to 1 600 kg/m3 
Spatial density variation of sediment was reported by Heineman (1972), who found a strong 
correlation between density and clay content and a gradual increase in density from 560 kg/m3 
at the dam to 1 470 kg/m3 at the upstream end of a reservoir basin. 
Generally, the densities increase with depth up to about 1,2 m to 1,5 m and remain fairly 
constant at greater depths (Vanoni, 1975),- (Braune, 1984). McHenry (1980) also found 
constant densities below 2 m depth in a reservoir. Figure 5.5-2 shows measured density 
changes with depth in Lake Mead with increasing density with depth. 
Stellenbosch University  https://scholar.sun.ac.za
5 - 13 
DENSITY IN Kg/m3 
160 200 250 300 350 400 450 500 550 600 . 650 700 750 800 850 900 950 
0 0 I I I I I I I I I I I I I I I I I ! I I I l I I : i 


























,____ !---- GAMMA 
I I I ~ -- i I i 
14 18 22 











i...,..-0 -. i:-C::i. _,._ 
---t::,.~ i1o---· 
~-1" t-t::,.~ --
0 ---·--._ -e::,. 
~r=::.:::.::_ >--
... 
-~~ -I I r----.....0 ,_ 
SAMPLER I \ CORE d_ 0 ~ --PROBE I'---- >-~- C::i.-
I l u,; e::,./ ,--->--I I I i l''e::,. I . I I ' I 
26 30 34 38 42 46 
DRY UNIT WEIGHT IN LBS./FT.3 
50 54 58 62 
Figure 5.5-2 Observed sediment density changes with depth in Lake Mead 
Most of the reservoirs evaluated by Brawze are regularly exposed to air drying. Observed 
densities could be related to spatial sediment size distribution and reservoir operation. A 
summary of data for these reservoirs is given in Figures 5.4-3 to 5.5-8. Due to the very 
limited data base on South African reservoir sediment densities, the data will be discussed in 
more detail: 
Krugersdrift Reservoir (1980) has a long narrow basin and is often empty. Twenty one 
samples were taken by Selby tube on both· sides of the water to a maximum depth of 2,2 m 
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Beervlei Reservoir (1980) was empty when sampled and 39 samples were taken to a 
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Figure 5.5-4 Observed bed sediment density at Beervlei Dam (1980) 
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Van Rynevelds Pass Reservoir (1980) was almost empty, and 42 samples were taken with 
penetration 15 to 50 % of total sediment depth (Figure 5.5-5). Sampling was also carried 
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Grassridge Reservoir Rabie (1960) sampled 22 positions to ·a maximum depth of 3 m, with 
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Figure 5.5-7 Observed bed sediment density at Grassridge Dam (1960) 
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Figure 5.5-8 Observed bed sediment density at Lake Arthur (1936) 
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For a clay content of around 45 % in Lake Arthur, non-exposed surface samples had densities 
(1936) as low as 609 kg/m3, while deeper samples had consolidated to 900 kg/m3• Sandy 
samples at the upper basin (clay content < 10 %) had a density of 1 600 kg/m3 • 
Gariep Reservoir (Potgieter, 1979) 
Based on observed sediment inflow and outflow over a period of 8 years and a basin survey 
in 1979, an average dry density of 1 060 kg/m3 was obtained. 
As part of an attempt to relate soil mechanical characteristics to hydraulic behaviour of 
Welbedacht Reservoir's flushing channel, sediment densities were also obtained in this study, 
as described in Chapter 6. Owing to compression of sediment in the core pipes during 
sampling, true densities cannot be given, but they are lower than the "normal" long-term 
density of 1 350 kg/m3 generally assumed in South Africa. The sampled sediment had 
variable periods of consolidation of < 1 year to say 10 years, always saturated, with mostly 
fine sediment. Recent deposits and sand layers were also analysed and the variability of data 
is shown in Figures 5.5-9 and 5.5-10. (The locations of the sampling positions are indicated 
in Figure 6.5-1, Chapter 6.) 
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Figure 5.5-9 Welbedacht Reservoir sediment densities in flushing channel bed and banks 
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Figure 5.5-10 Welbedacht Reservoir sediment densities in flushing channel bed 
5.6 Sediment consolidation 
5.6.1 Review of available prediction methods 
Bottom sediments undergo consolidation, an increase of bonding forces by overburden, and 
slow rearrangement of aggregates, so-called thixotropic effects . Overburden crushes the 
deposited weak aggregates, and their strength increases with depth. Rapid consolidation 
occurs in sediment formed from dilute suspensions, while hindered consolidation occurs when 
the bed is formed from suspensions with concentrations > lOg/ i (and is caused by restricted 
upward movement of pore water by diminishing permeability and increasing path length) 
(Sloff, 1991). 
While compaction of cohesive beds is permanent, shrinkage is recovered upon submergence. 
Gelling and microbiological alteration of pore water composition occurs with time (Krone, 
1962). 
Prediction of consolidation is presented by Samogyi (1985), Hayter (1983), Thom and Parsons 
(1980), and Owen (1970). Consolidation of deposits is included in some mathematical 
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niodels. Hu (1990) used the non-linear consolidation theory of Gibson et al (1967, 1984) in 
his model. This theory is widely used in sedimentation/consolidation problems. 







density after T years of compaction 
initial density 
constant dependent upon size analysis of the sediment 
(5.6-1) 
In order to accommodate continuous sedimentation and related different compaction times, 
Miller (1953) developed an approximation of the integral for determining the average density 
of all sediment deposited in years, assuming constant sediment input with time: 
Pr= Po + 0,4343K0 (T~l ( logeT) -1) (5.6-2) 
with K0 = (K-Clay . clay fraction) + (K-silt . silt fraction) + (K-sand . sand fraction) , 
and K0-values presented in Table 5.6-1. 
Table 5.6-1: Consolidation coefficients 
Reservoir type K-Clay K-Silt K-Sand 
1 256 91 0 
2 135 29 0 
3 0 0 0 
The sediment density up to a 100 year period can be estimated with this method. 
Although the theory of consolidation has been well established in the geotechnical engineering 
field, practical application in the case of large reservoirs can be problematic due to a number 
of reasons: 
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• Consolidation calculations have to be carried out in terms of a two-dimensional plan 
view of the reservoir due to the variable depths of sediment. 
• The sorting process and distribution of sediment during deposition, as well as scoured 
depths, need to be accounted for. 
• The reservoir pool level and drying/wetting of the sediment should be taken into 
account. 
• Consolidation of each layer as it was deposited needs to be modelled with time. 
Although it is possible to incorporate all of the above in reservoir sedimentation and 
consolidation modelling, the process will take up considerable computing time, while 
calibration of such a model with field data (especially with high contents of silt and clay) will 
be very difficult considering the lack of accuracy with which sediment transport can be 
modelled. 
Rooseboom (1975) plotted the change in sediment volume with time for different reservoirs, 
and found a logarithmic relationship with time as is generally found in consolidation 
processes. An arbitrary reference time of 50 years was selected as reference volume with 
assumed density to express the sediment volume as dimensionless relationship: Vt/Vso versus 
log t, with Vt = sediment volume after t years and V50 the sediment volume after 50 years. 
After 50 years the density does not change rapidly with time and can be estimated with some 
degree of reliability. Fifty years is also in many cases the approximate economic life of a 
reservoir, and a longer period was difficult to select owing to the limited number of reservoir 
basin data sets exceeding 50 years (even today). 
The updated (1995) sediment volume changes of South African reservoirs with time still show 
features similar to those found in 1974, and are indicated in Figures 5.6-1 and 5.6-2. 
Using the latest survey data for reservoirs with large trap efficiencies only, it is possible to 
derive Vt/V50 relationships as indicated in Table 5.6-2. 
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Figure 5.6-2 Sediment volume changes with time in Darlington Reservoir 
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Table 5.6-2: Sediment volume as fraction of the SO year volume 
Reservoir Country Original capacity" 
v.o v20 
-(million m3) Vso Vqo 
Darlington RSA 328 0,49 0,72 
Kommandodrift RSA 74 0,33 0,62 
Lake Arthur RSA 105 0,29 0,60 
Floriskraal RSA 67 0,11 0,49 
Grassridge RSA 91 0,45 0,68 
Beervlei RSA 58 0,42 0,66 
Kalkfontein RSA 355 - 0,47 
Nzhelele RSA 62 0,29 0,54 
Gamkapoort RSA 55 0,44 0,69 
Loskop RSA 384 - 0,73 
Olifantsnek RSA 16 0,21 0,55 
Prinsrivier RSA 8 - 0,31 
Laing RSA 23 0,41 0,66 
Van Ryneveldpas RSA 79 0,29 0,62 
Elephant Butte USA 3 249 0,46 0,69 
Theodore Roosevelt USA 1 877 0,45 0,69 
Lake MacMillan USA 112 0,36 0,63 
Guernsey USA 91 0,36 0,64 
Average values: 
-
Rooseboom (1975) 0,39 0,65 
- This study 0,36 0,61 
• Gross Storage Capacity at current full supply level 
Table 5.6-2 shows that fairly constant relationships, especially for the V20 /V50 , values 
can be obtained for the larger reservoirs. All the reservoirs in Table 5.6-2 are however large 






which has been widely used in South Africa to date to make long-term forecasts of sediment 
volumes when short-term basin surveys are available, or to predict sediment yields from basin 
surveys assuming a 50-year density of 1 350 kg/m3• Recently updated South African regional 
sediment yield maps have also been calculated based on this approach (WRC, 1992). When 
this map is used to predict sediment yields and a 50-year density of 1 350 h/m3 is used, any 
discrepancies due ~o possibly incorrectly assumed densities are cancelled out in the calculation 
of deposit volumes. It should be remembered that Equation (S.6-3) is only reliable when 
t ~ 10 years. 
'· 
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5.6.2 Verification of the methods of Miller (1953) and Rooseboom (1975) with reservoir data 
v, 
Rooseboom (1975) rewrote the Miller method to a dimensionless V. format by assuming 
so 
constant annual sedimentation of W weight units and by using SOW _ Y so· V so 
Then = 
{y1 + o,43431~ bi so-1)) 
5o(y1 + o,4343~(t~l) en t-1)) 
t.W y,.V, 
(5.6-4) 
y 1 and K-values depend on sediment grading and reservoir operation, but it seems that even 
if the highest realistic K-value and lowest y 1 are used, the rate of consolidation seems to 
be overestimated by the method of Miller (1953), as is shown in Figure 5.6-3 and 
Table 5.6-3 (Rooseboom, 1975) . 
Table 5.6-3: Sediment consolidation predictor evaluation 
v, (Miller, 1953) · V t (year) -' (Rooseboom, 1975) Vso Vso 
10 0,28 0,39 
20 0,48 0,65 
40 0,84 0,92 
0 
> 0.6~ _______ ___,,.'---,"'-___..,c.-~------------; 
-> 
Rooseboom 1976 
Roo••boam method: t•vl••d 
with lalHI data 
Roo•eboom m•thod : r•vf•ed 
data and ad/u•t•d tor ••dlm•nl•tlon 
. above full •Upply l•v•I 
--:··-· Mlller{1953): 100" o/11y, reeervolr type 1 
o.2-1---~--~---,---r---.r----r----,.------.---.---, 
0 5 10 15 20 25 30 . 35 40 45 50 
TIME (year) 
Figure 5.6-3 Comparison between consolidation predictors of Miller (1953) and Rooseboom 
(1975) 
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Rooseboom (1974) stated that based on the South African data, the method of Miller (1953) 
is unreliable. 
Braune (1984) evaluated observed sediment densities, sediment size distribution, the time of 
consolidation and reservoir operation. Most sediment samples taken from South African 
reservoirs were, however, only obtained in dry basin parts and averaged reservoir sediment 
density conclusions will therefore generally overestimate the sediment densities . Sediment 
at deep levels and in wet parts of the reservoir will be saturated, with densities much lower 
than in the dried-out basin. 
Compaction of the sediment is a function of the amount of re-adjustment of sediment particles 
and the rate at which water can escape from the voids. Sands achieve maximum 
consolidation in relatively short periods of time. Clay and silt deposits have greater porosity, 
but the low permeability of clay soils causes a slow water release rate and slow consolidation 
(if the sediment remains saturated with water). The water column on top of the sediment 
cannot affect the consolidation as long as the water pressure is taken up by the soil water and 
not the sediment itself. 
Braune stated that a fine grained sediment will compact rapidly when exposed to air drying 
because of the effects of surface tension incident to evaporation. When the induced reactive 
stresses of the soil skeleton attain the magnitude of the capillary pressure, the menisci of the 
capillary moisture columns rupture and no further shrinkage occurs . Sediment shrinkage 
limits vary from about 10 to 15 % moisture per dry weight of sediment, giving maximum soil 
dry densities around 1 800 kg/m3• Shrinkage of cohesive sediment is often related to surface 
cracks forming before the moisture content is exhausted. (See Photograph 5.6-1) 
The observed and predicted sediment densities for South African reservoirs are shown in 
Table 5.6-4. The methods of Lane and Koelzer (1943) and Lara and Pemberton (1965) 
differ only in the initial sediment densities these methods are based on, and the calculation 
methodology is similar to the method of Miller (1953). From Table 5.6-4, it would seem 
that the method of Lara and Pemberton (1965) underestimates dry densities of sediment with 
high clay content and considerable exposure, but considering that only relatively dry samples 
were analysed during 1980, thereby overestimating the average reservoir sediment density, 
such a conclusion cannot be proven here with the available data. 
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Photograph 5.6-1 Cohesive sediment drying and shrinkage at Floriskraal Reservoir 
Table 5.6-4: Comparison of measured and calculated densities (Braune, 1984) 
Van Lake Reservoir Krugersdrift Beervlei Rynevelds Grassridge Arthur Gariep 
Pass 
Capacity (mill m3) and date 78 58 81 60 79 5952 
completed 1971 1958 1925 1924 1925 1970 
Measured dry density (kg/m3) 1110-1430 1300 1140 1370 1100 1060 
% clay 29 56 52 12 30 27 
% silt 28 29 36 26 35 58 
% sand 43 15 12 62 35 15 
Dam operation type 3 4 3 3 3 1 
Calculated initial density 
(kg/m3) 
a) Lane & Koelzer (1943) 1275 1303 1135 1370 1250 956 
b) Lara & Pemberton (1965) 1148 924 933 1325 1110 996 
Compaction factor (K) 32 0 56 16 34 122 
Record period 1970-1980 1958-1980 1924-1980 1924-1960 1925-1936 1970-1979 
Record length (years) 10 12 56 36 11 9 
Calculated dry density (kg/m3) 
a) Lane & Koelzer 1 300 1300 1210 1390 1270 1030 
b) Lara & Pemberton 1 170 920 990 1350 1130 1070 
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Other factors apart from sediment compaction can play a role in causing differences between 
the sediment density predictors as derived by Miller (1953) and Rooseboom (1975): 
a) Decreased catchment sediment yield 
Rooseboom et al (1975) showed that the sediment load of the Orange River decreased by 
more than 50% from 1929 to 1969, attributed to a progressive decrease in available sediment. 
Decreased sediment yield from catchments could, however, be the reason for discrepancies 
at only some South African reservoirs used by Rooseboom (1975). 
b) Decreased reservoir trap efficiency with sedimentation cannot be a reason for 
differences, as large reservoirs (in terms of run-off and operation) were selected by 
Rooseboom. 
c) Increased deposition above full supply level of a reservoir 
Data used by Rooseboom did not account for sediment deposits above full supply level, but 
Braune (1984) estimates this error at 4 to 8% and therefore cannot account for the 
discrepancies under discussion. 
At some reservoirs the sedimentation above full supply level can be high and should therefore 
always be considered when determining sediment yield from a basin survey, as indicated in 
Table S.6-S. 
Table S.6-S: Sedimentation above reservoir full supply level 
Dam Sediment above FSL as % of sediment up to FSL 
Prinsrivier Reservoir 10 
Floriskraal 29 
Pietersfontein 21 
By taking the Welbedacht Reservoir data (only as example, owing to its small trap efficiency) 
above full supply level (FSL) into account, it can be shown that ignoring the sediment volume 
above FSL can lead to considerable overestimation of the accumulated volume relationship 
as shown in Figure S.6-4 and Table S.6-6. 
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Vt 
Table 5.6-6: Welbedacht Reservoir V. above full supply level 
so 
Height above Y10 










Initial settling of a reservoir basin when filling could be mistaken for negative sediment 
accumulation during a sediment resurvey, but indications are that typical settling for a large 
reservoir as Gariep is too small to be considered. Observed settling in Gariep Reservoir was 
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Figure 5.6-4 Sedimentation above reservoir full supply level and long-term capacity changes 
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e) Variation in field data in determining Vt/V 50 
The data given in Table 5.6-2 display much more variation of Vt/V 50 values than the 
Rooseboom 1975 data. Although some evidence is found of reasons included under a - e for 
differences between the Rooseboom and Miller methods, it cannot explain all the differences 
when average values are considered. It is however believed that the most important reason 
lies in the reservoir operation type and associated K0 value (Table 5.6-1). 
In terms of consolidation prediction, a type 3 reservoir probably does not act like a reservoir 
which is normally empty from the beginning of operation, as -
• water demands are usually much less at the beginning than later on; 
• total live plus dead storage is still available; 
• the basin below FSL will contain mainly finer sediment, which will change with time 
and become coarser as sediment transport capacities into the reservoir basin increase; 
and 
• even if the reservoir is drained regularly from the beginning of operation, 
consolidation depends on the degree of saturation, and quite often only the upper 
layer of deposits exposed to the sun is consolidated to high densities. 
Therefore a reservoir will probably start as a type 1 (clay) and could later change to type 3 
(silt/sand). Using these assumptions of changing operation type with time, prediction results 
based on the methods of Miller and Rooseboom are in agreement. 
5.6.3 Proposed modelling of sediment consolidation 
Having established what causes the differences between the Miller and Rooseboom 
consolidation prediction methodologies, it is proposed to use a combination of these methods 
in modelling spatial reservoir consolidation. The differences between the proposed and 
existing methods, such as the Rooseboom and Miller methods, are: 
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• Sediment inflow into a reservoir is not constant per time step and should be accounted 
for in determining consolidation 
• p 
0 
values can be based on sediment characteristics as described by Strand (1974). 
• K
0 
values can be based on the South African reservoir data. 
• The methodology should not be so detailed that excessive computing time is required, 
or mathematical model instability occurs due to widely variable densities, or be too 
complicated without gaining prediction reliability. 
A first attempt at establishing a simple consolidation methodology reads (Olesen, 1995): 
Pr = P.. + (Po - P...) exp ( ; ) (5.6-5) 
with P .. = long-term density of say 1350 kg/m3 = p50, with T = 50 years, often 
used in South Africa. Final sediment characteristics will, however, not be 
available when P .. is being predicted. 
and p
0 
= initial density (StralUi, 1974). No RSA-data is available on p
0 
-values and 
therefore the relationship will be difficult to calibrate. 
A further complication arises from the way in which consolidation is calculated with time and 
with deposition: 
zj._t).p 1(t + fit) + fiz.p 0 p (t + fit) = --------
zj._t) + AZ 
with zd = depth of previously deposited sediment 
and fiz = depth of recent deposits 
(5.6-6) 
When constant sediment deposition rates and a similar equation as Equation 5.6-5 (for 
example Equation 5.6-1) is used in Equation 5.6-6, it is found that: 
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Equation 5.6-6 overestimates sediment density; 
when trying to incorporate changing rates of deposition with time, Equation 5.6-6 
does not allow for the impact of deposition changes on future total densities. 
The above possible problems related to Equations 5.6-5 and 5.6-6 can be resolved by using: 
Equation 5.6-1, 
a similar relationship as Equation 5.6-6, and 
an effective time. 
The procedure is as follows: 
P, :;:: p 0 + K 0 log t 
(a) t :;:: 1: p1 :;:: p01 + K01 log 1 
:;:: Poi 
((p02 + K02 log 2) . z0 (t :;:: 1)) + (p02.~)) (b) t :;:: 2: p2 :;:: ---------------(Zo1 + Zo2) 
(c) t effective :;:: lO((p(t - 2> - paJ/~ 
[((p03 + K03 log (teff. + !H (:;:: 1))) . (Zo1 + ~) + (p03 . Zo3)] t :;:: 3 : P3 :;:: ----------------------
(zo1 + ~ + ZoJ 
Repeat steps (c) and (d) 
t = 4: Repeat steps (b), (c) and (d) for further time steps. 
(5.6-1) 
(5.6-7) 
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The above method works with all USA p" and K
0 
values and variable deposition, and can 
be related to the RSA-data through altered input K-values. 
With the new approach, changes in p" and deposition depth related to variable sediment 
inflow can be accounted for as indicated in Figure 5.6-5. 
0 10 20 





- new effective time• - Ml/ler-sand 
.t.. calculated by Mlller method 
Effective time calibrated on Miller clay in this example• 
60 
Figure 5.6-5 Effective time consolidation with variable deposition rates 
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6. SEDIMENT RE-ENTRAINMENT PROCESSES 
6.1 Introduction 
An understanding of the principles of entrainment of sediment particles is of great importance 
in the flushing of reservoirs. The parameter which defines the onset of sediment movement 
is, however difficult to define in reservoirs for sediment deposits with a very fine, cohesive 
nature and which are often consolidated. For non-cohesive sediments, incipient motion can 
be expressed mathematically, while laboratory tests have mostly been used to quantify 
incipient movement conditions for cohesive sediments. 
During flushing operations, retrogressive erosion of the delta will result when the water level 
is drawn below the elevation of the apex point. Initially intensive erosion takes place 
downstream of a turning point (f) as indicated in Figure 6.1-1. This turning point keeps 
moving upstream as degradation continues and eventually disappears altogether. During this 
process the slope of the front-set is decreased and that of the top-set increased. The two parts 
finally merge to form a unified reach with a single gradient. Further erosion occurs in the 
form of progressive erosion with diminishing intensity. This process has been observed at 
several reservoirs as well as a physical model study (Zhang Ren et al, 1985). 
The process of retrogressive erosion can be illustrated by means of the sediment continuity 
equation: 
y.dA = Q.dC 
dt dx 
(6.1-1) 
Plotting of the left hand term for conditions of erosion, along the length of a reservoir, yields 
Figure 6.1-2. 
Figure 6.1-2 indicates that during erosion, the stream tries to minimize the rate of energy 
dissipation by first acting on and reducing the highest QdC values near the dam, followed 
dx 
by upstream erosion. Delta formation is the reverse of the retrogressive erosion process. 
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Figure 6.1-2 Retrogressive erosion and sediment continuity 
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When the sediment profile reaches equilibrium, whether for storage operation or drawdown 
flushing, the left and right-hand side terms of Equation 6.1-1 approach zero values, and 
uniform flow conditions will prevail. This is of course a highly simplified explanation of the 
complex sedimentation processes within a reservoir. 
In order to understand why consolidated, cohesive sediment deposits collapse after rapid water 
level drawdown, it is important to obtain some insight into the clay mineralogy of the 
sediments. 
The clay mineralogy of a sediment sample taken from Welbedacht Reservoir is shown in 
Table 6.1-1. 
Table 6.1-1: Clay mineralogy of Welbedacht Reservoir sediment sample 
Smectite 21 % 
Mica 21 % 
Interstratified minerals 21 % 
Kaolinite 13 % 
Quartz 22 % 
A normal soil with a composition as in Table 6.1-1 will be highly erodible (ISCW, 1995). 
Kaolinite is composed of a succession of oxygen, silicone, hydroxyl and aluminium 
components, regularly stacked like "leaves" in a book. The layer bonds are strong and 
therefore little water can enter between the layers, and kaolinite does not disintegrate and split 
in water like other clay minerals (Partheniades, 1971). 
Montmorillonite has a structure similar to that of kaolinite; the main difference is that the 
bonding forces are much weaker. As a result, cations and water can enter between the sheets 
and montmorillonites can easily disintegrate into individual units. Montmorillonites are the 
finest and most active clays displaying swelling, cohesion and plasticity. 
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With rapid drawdown of a reservoir during high inflow flushing, the process of erosion 
occurs by the following mechanisms: 
a) Local scour near th_e outlet is caused by 3-dimensional converging flow at high 
velocities. 
b) Hydraulic cutting back of the delta from downstream to upstream, thus reducing the 
bed slope and the applied power. If the flushing duration is long enough, the river 
will erode to its original bed level. 
c) Bank failure of the flushing channel creates relatively steep side slopes. These side 
slopes are constant for the same reservoir and sediment characteristics and can be 
well represented by assuming a trapezoidal channel form. Bank failure caused by 
hydraulic overpressures associated with rapid pool drawdown is very important in the 
flushing process, since it provides the sediment for saturated sediment transport 
within the channel. 
d) Large flows have high erosive power and transporting capacity, and normally a wider 
channel will be created than with smaller flows. Smaller flows have the tendency to 
meander through the reservoir if left for some time. This was experienced in the 
Mbashe Reservoir during 1993 (See Photograph 6.1-1). 
e) Erosion of the bed to a certain depth (associated with minimum required stream 
power). This equilibrium depth can be described with the applied power principle 
and is a function of the energy slope, unit discharge, bed roughness, energy 
dissipation and sediment transport. When this equilibrium depth is reached for a 
specific discharge, the flushing channel has an almost horizontal bed (across the 
width) at each cross-section, as observed at Phalaborwa Barrage, Welbedacht 
Reservoir and Windsor Reservoir. The width of scouring is related to the discharge. 
The scoured channel profile can be well represented by a trapezoidal profile. 
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Photograph 6.6-1 Mbashe Reservoir low flow flushing channel 
6.2 Non-cohesive sediments 
Criteria for determining the beginning of transport of sediment have been presented by 
Hjulstrom (1935) and Shields (1936). Hjulstrom related critical velocity to particle diameter 
and does not provide an accurate criterion. Although the Shields diagram is widely used, its 
main shortcoming is the use of the particle diameter, which is not a representative or unique 
measure of transportability (Rooseboom, 1975). The settling velocity of particles is a more 
significant criterion than particle diameter. Mahmood et al (1985) also found that due to 
pressure drag on bedforms, the average shear stress is smaller than the values given by the 
Shields diagram. 
Rooseboom and Marke (1982) showed that incipient motion can be analysed more 
comprehensively in terms of stream power. 
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The unit stream power (per unit volume) required to suspend a particle with mass density 
Ps and settling velocity w in a fluid with mass density p equals (ps -p)g.w , while in 
rough turbulent flow, the unit stream power applied in maintaining motion along a plane bed 








depth of flow 
(6.2-1) 
A stream will begin to entrain particles when the power required to suspend the particles 
becomes less than the power required to maintain the status quo, and then 






If it is assumed that the drag coefficient Cd is a constant, which is true for larger diameters, 
then the condition of incipient motion under rough turbulent flow conditions is given by 
J gDs = constant 
w 
(6 .2-4) 
This relationship fits measured data (Yang, 1972) well, as indicated in Figure 6.2-1. When 
.fii5i7I > . 13 · , the constant is 0, 12. 
v 
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Figure 6.2-1 Incipient conditions for cohesionless sediment particles 





The relationship for values of 
(1972) is found to be 
..[ii5S:d. < 13 calibrated with data by Grass (1970) and Yang 
v 
JgDs = 1,6 (6.2-7) 
w /iDs.d 
v 
The above analyses logically lead to a Liu type diagram (1957) and provide a complete 
mathematical explanation to describe the shape of this diagram. (Figure 6.2-1) 
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6.3 Cohesive sediment 
6.3.1 General 
In the case of cohesive sediments neither particle size nor settling velocity represents 
erodability, and relationships for incipient motion of non-cohesive sediments are no longer 
valid. For the erosion of cohesive sediments to take place it is necessary to break the 
interparticle bonds. 
Two main types of erosion are described by Partheniades (1965) and Krone (1962): 
• Surface erosion of particles 
• Bulk or mass erosion because the bulk shear-strength of deposits is exceeded. 
Scour criteria are often assumed to be functions of particle diameter and cohesion coefficient, 
and empirical relations for critical shear force have been obtained, also for consolidated 
_sediments (Mehta et al, 1982; Migniot, 1981; Otshubo et al, 1986). 
The resistance to erosion depends (Ariathurai and Krone, 1976) on: 
• the type of clay 
• the physical nature of the bed 
• the chemical composition of pore and eroding fluids 
• the stress history 
• organic matter 
Critical shear stresses for cohesive sediment have in most cases been obtained from laboratory 
tests carried out on estuarine clays (Partheniades, 1972). 
6.3.2 Surface erosion 
Partheniades (1962, 1965, 1971, 1973) tested the effect of mass shear stresses on cohesive 
bed erodibility by remoulding one bed iri a flume while a second bed was formed through 
deposition of suspended sediment. Although the microscopic strength of the latter was 1/100 
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of that of the former, the critical shear stress for erosion was found to be the same 
(0,098 N/m2). The erosion rate for the dense bed was constant and independent of the 
suspended sediment concentration, which suggests that surface erosion limits sediment 
availability and sediment transport. Partheniades et al (1970) also concluded that bulk 
density and mass shear strength cannot be used as a measure of soil erodibility as long as 
erosion takes place by removal of individual particles without any mass erosion. 
Surface erosion of a deposited bed shows increasing resistance to erosion with depth, while 
a bed formed with uniform consistency is eroded at a constant rate (Partheniades, 1985). The 
former situation can only be explained by an increase of the interparticle cohesive bonds with 
depth, which is inherent to the internal floe structure as floes segregate during deposition. 
For a given bed shear stress ( 't ,,), resuspension will proceed at decreasing rates until the total 
depth of erosion corresponds to a condition with 't b = -cs (shear strength) . The instantaneous 
resuspension rate, E, has been found to be a function of the excess bed shear 
stress ('t b - -c ) : 
(6.3-1) 
with E and oc empirical coefficients (Partheniades, 1986). 
0 
The resuspension of cohesive sediment obviously depends greatly on the degree of 
consolidation. As an example, the critical shear strengths for surface erosion for different 
periods of consolidation (short in reservoir terms) is illustrated in Figure 6.3-1. 
Migniot (1968) expressed the erosion rate of surface cohesive erosion as: 
E = M (<t - t) (6.3-2) 
and related the yield shear stress of the mud, 'tc , to the bulk density of the sediment. The 
constant Mis the erosion rate with units (s/m). 
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Figure 6.3-1 Variation of critical erosion stress with depth for various consolidation times 
(Mehta et al ., 1982) 
6.3.3 Critical conditions for mass erosion of cohesive, consolidated sediments: laboratory 
analysis 
Critical conditions for resuspension of cohesive sediments have been established in the 
laboratory by various researchers who tried to relate it to the soil mechanical and physical 
properties of the sediment. The shear stress required to erode a cohesive sediment is 
significantly affected by the amount and type of clay mineral, microscopic and macroscopic 
clay properties, water content, pH and temperature of the eroding water as well as the pore 
water and the thixotropy and consolidation of the clay (Kamphuis, 1983). 
The results of laboratory studies vary widely. For example, for approximately similar 
cohesive sediment conditions, critical shear stress is given as 11,5 to 72 Pa, 5, 7 to 23,5 Pa, 
0,4 to 2,4 Pa, and 0,7 to 4,3 Pa in different studies (Kamphuis, 1983). This large variation 
is a result of experimental error, variation in experimental techniques, an overly simplistic 
interpretation of sediment properties and different criteria for the onset of erosion. If such 
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large differences are obtained in the laboratory, the validity of such data in field applications 
is highly doubtful. 
Kamphuis (1983) also conducted laboratory tests on cohesive sediments, consolidated to 
various densities and clay contents. The correlation with various soil properties is shown in 
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Figure 6.3-3 Critical shear stress and vane shear strength 
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Figure 6.3-6 Critical shear stress and consolidation pressure 
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Kamphuis (1983) found a linear variation of critical shear stress with unconfined compressive 
strength and vane shear strength. The resistance to erosion increases with clay content and 
plasticity index. The shear stress required to initiate erosion of cohesive soil increases with 
consolidation pressure. Once critical conditions for a soil are reached, erosion progresses 
immediately (mass erosion). . 
The critical shear stress data, vane shear strength and clay fraction data of Kamphuis are 
shown in a combined graph in Figure 6.3-7. 
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Figure 6.3-7 Critical shear stress versus vane shear strength and clay fraction 
30 
In stead of using the critical shear stress value T at the bed, a theoretically more appropriate 
variable would be the applied power at the bed ( •:) 
0 
, which also reaches a maximum 
value at the bed: 
( dv) __ 30pgsD{iDs 
't dy o Kks 
(6.3-3) 
By taking K ::: 0,4 and ks ;:: d50 = particle diameter in the experiments of Kamphuis 
(unfortunately not enough data is given by Kamphuis to calculate k), it is possible to derive 
Figure 6.3-8, relating critical stream power to shear strength, % clay and consolidation. 
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Figure 6.3-8 Critical applied stream power versus vane shear strength, clay fraction and 
consolidation 
A linear regression analysis of applied power versus shear strength, % clay and consolidation 
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pressure was carried out and a correlation coefficient of r2 = 0,91 was obtained. The best 
fit curve is shown in Figure 6.3-9 which indicates that a remarkably good correlation is 
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Cai (1993) described critical conditions for cohesive soil erosion by relating stream power to 
soil shear strength. The stream power relationship of Bagnold (1966) was used (pgRvs) 






























0 2 4 6 8 10 12 14 
ANTECEDENT SOIL SHEAR STRENGTH (kN/m2) 
Figure 6.3-10 Critical unit stream power for rill initiation versus antecedent soil shear strength 
Although the above relationship is not directly applicable to reservoir conditions, it is shown 
here that stream power can be a reliable predictor for describing critical erosion conditions. 
Some tests have been carried out on reservoir sediments. Du et al. (1987) discusses tests 
carried out on sediment from the Shuizoazi Reservoir, China. Silt from the flood plain of 
the Yellow River and river bed sediments 'from Beijing were also used for comparison. The 
sediment was placed in a drop section in a flume, each sample prepared with a different dry 
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density. Results of the erosion tests indicated that the variation of critical shear stress ( -r.) 
was found to be related to dry density. Once the critical value of -r 
0 
was reached, erosion 
progressed immediately and there was little or no dependence on the previous time history 
of the flow. A comparison test on an undisturbed reservoir sediment sample yielded the same 
test results as disturbed samples. The sediment characteristics and critical shear stress 
relationship are depicted in Table 6.3-1 and Figure 6.3-11 respectively. From Figure 6.3-11 
it is clear that critical shear stress is related to the dry density by straight lines (on a log scale) 
for each sediment sample. Du et al. (1987) related the experimental shear stresses to density 
with an exponential equation: 
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Figure 6.3-11 Incipient motion for cohesive sediment versus sediment density 
(6.3-4) 
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Table 6.3-1: Characteristics of sediment samples 
Sample d
50 (mm) 
Dry density Liquid limit Plastic limit Plasticity 
(g/cm3) (%) (%) Index(%) 
Shuicaozi Reservoir 0,0058 0,64 - 0,98 51,95 30,00 22,95 
Yellow River flood plain 0,004 0,51 - 1,0 43,39 24,76 18,63 
Beijing 0,023 0,56 - 1,2 30,90 19,70 11,20 
Bouchard et al. (1983) investigated critical erosion conditions within the Escale and St Lazare 
Reservoirs on the Durance River. Analysis of the density and sand fraction of 14 sediment 
cores, taken to a maximum depth of 3m into the sediment, indicated good correlation between 
shear strength (by viscometer) and sediment density. Flume tests established the critical stress 
of erosion between 6 and 27 N/m2• No indication was, however, given whether this was for 
surface or mass erosion. 
Rooseboom and Mii.lke (1982) derived a relationship for erosion of cohesive sediments in 
terms of unit stream power theory. In order to express both the transporting capacity of a 
stream and the characteristics of its bed sediment in equivalent scalar terms, they considered 
both fluid and sediment movement in directly comparable terms. Incipient movement of 
sediment is therefore treated as flow of a medium with high viscosity. Viscous flow is 








the applied shear stress 
the dynamic viscosity 
(6.3-5) 
the vertical velocity gradient, equal to velocity of rotation of a flowing 
element 
In order to determine the applied unit power 
"viscosity" of the soil µ.,. • 
( 't : ) , it is necessary to determine the 
(6.3-6) 
By using a standard shear box test, the value of µ.,. can be determined with 't known and 
dv v. 
- - with v a the translation velocity and d = particle diameter. 
dy d 
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dv 't2 
The applied unit power equals 't- - - and the power required to dislodge a layer with 
dy µs 




with A representing the plan a,rea of the sample and d the particle size. 
The power required in the shear box is also Fv., but as v. is constant, F may be taken to 
represent the applied power. 




14pgsD JgDs = E 
k 
k 
Y = -- and JC = 0 4 0 29 6 ' , 
(6.3-8) 
A definite relationship was obtained between applied stream power (E) and mean shear force 
(F) for field data representing erosion of steep slopes. In this research a similar attempt was 
made to relate critical conditions for mass erosion to soil mechanical characteristics of the 
sediments (Chapter 6.5). 
In mathematical modelling of reservoirs with a significant proportion of fine material load, 
two critical values are commonly defined: threshold of erosion and threshold of deposition 
with values of 5 - 10 N/m2 and 0,5 - 1,0 N/m2 respectively (Mahmood, 1986). Once 
deposited, · the shear strength required for re-entrainment of sediment is much higher than for 
deposition and increases with age and consolidation. Soil mechanical parameters such as 
shear strength, cohesion, dry density and Atterburg limits do not correlate with the erosion 
initiation conditions or rates of erosion, except in a limiting sense. 
Shear strength is of course influenced by other soil properties such as bulk density and 
moisture content. 
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It has been found that soil shear strength is well correlated with soil erosion as obtained from 
analyses by Rooseboom et al (1982), Wang et al (1992, 1994), Luk and Hamilton (1986), 
Rauws and Govers (1988) and Bradford et al (1987) for both field and laboratory conditions. 
6.3.4 Sand and clay mixtures 
Sediment deposits in reservoirs often consist of sand and clay mixtures, or thin clay layers 
in sand. The presence of sand in clay deposits increases erodibility. Erosion of a clay bed 
with increased sand percentages mainly occurs as mass erosion instead of surface erosion. 
Increases of sand (5 to 30 %) causes a decrease in shear strength (50 to 80 %) 
(Migniot, 1968). 
The presence of sand layers in clay as is often found in reservoirs · complicates the 
determination of critical shear stresses for mass erosion. Kamphuis (1989) showed that for 
sand-clay mixtures, theoretical erosion conditions are related to resuspension conditions of 
the sand. 
Results of other investigations of clay and sand mixtures have been published by Terwindt et 
al (1966), Kamphuis and Hall (1983), Migniot (1989), Murray (1977), Kuti & Yen (1976), 
Ashida (1987). 
6.3.5 Critical mass erosion conditions for some South African reservoirs 
The longitudinal distribution of critical bed shear stress ("tcnu = pgRs1) of mass erosion 
through a reservoir at the end of flushing has been determined for a number of reservoirs . 
Such distributions for Welbedacht Reservoir (front-set slope flushing channel with 1991 
flushings), Phalaborwa Barrage with two historical flushings, and Windsor Reservoir 
(equilibrium flushing channel with dominant discharge), are shown in Figures 6.3-12 to 
6.3-14. The 'tcnu values in these figures are fairly constant for each case, indicating that 
equilibrium sediment transport and erosion conditions were approached, during the process 
of minimization of stream power. 
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Figure 6.3-12 Bed shear stress variation: Welbedacht Reservoir flushing channel 
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Figure 6.3-13 Bed shear stress variation: Phalaborwa Barrage 
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Figure 6.3-14 Bed shear stress variation: Windsor Reservoir 
For Welbedacht, the maximum i:cme = 80 N/m 2 as determined in this research, while much 
lower values have also been observed. During a mathematical model calibration (carried out 
as part of this dissertation (Chapter 7)), based on the 1991 canal scoured in Welbedacht 
Reservoir during flushing, it was found that a critical bed shear stress for mass erosion of 80 
N/m2 accurately represents the general field conditions. 
In a previous study (Rooseboom et al, 1986) the critical conditions for erosion were 
determined by using the shear velocity (gRs/.S variation through Boegoeberg Reservoir with 
a 1 in 2 year as well as a 1 in 10 year flood as dominant discharges. Boegoeberg Reservoir 
had reached near equilibrium, according to basin surveys, and deposition and scouring should 
be in equilibrium, and therefore it was felt appropriate to superimpose the Boegoeberg data 
on the Welbedacht Reservoir, which has a similar basin shape and sediment characteristics. 
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Figure 6.3-15 shows the Boegoeberg Reservoir shear velocities for the dominant flows. The 
maximum shear velocity converts to 10 N/m2, compared to the 80 N/m2 found from this 
research. The reasons for this serious underestimation in the earlier study might be the 
following: 
• The maximum shear velocity at Boegoeberg is found at the upstream end of the 
reservoir, where conditions represent river, non-cohesive sediment conditions, with · 
much lower critical resuspension criteria than at Welbedacht Reservoir, with cohesive 
sediment near the dam. 
• The higher Welbedacht critical shear stresses were determined after erosion, while 
those of Boegoeberg were based on a survey which was undertaken after a long 
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Figure 6.3-15 Boegoeberg Reservoir shear velocity variation 







Empirical relationships have often been us~d to describe the width and depth of a river in 
equilibrium. In a reservoir with flushing operation, South African as well as Chinese 
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reservoir data (Guan, 1991) indicate the formation of a main flushing channel with an almost 
trapezoidal shape. With drawdown flushing and a specific discharge, the channel is first 
eroded in depth until critical conditions for mass erosion (cohesive sediment, or incipient for 
non-cohesive sediment) are reached. This process is associated with bank failure as the 
channel deepens. Only when the equilibrium depth of scour is reached are the banks eroded 
further until width and depth equilibrium are reached. This gives the typical almost 
horizontal transverse bed profile of the flushing channel. Larger discharges will increase the 
equilibrium depth and width. Small discharges create a narrower channel, but if left long 
enough, meandering begins as the energy slope is decreased in the process of energy 
minimization, as was found at the Mbashe weir. 
During retrogressive erosion, the top width (at water level) of an eroded channel was found 
to be dependent on the water discharge for a number of rivers and reservoirs in China, as 











































Figure 6.4-1 Relationship between flushing channel width and discharge 
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'--
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In order to describe the width-depth relationships of the flushing channel, the approach 
followed in this study was to relate depth of scour to critical conditions for re-suspension for 
non-cohesive, cohesive surface or mass erosion, while the width of scour is determined from 
an empirical relationship related to the discharge. The variability of sediment characteristics 
and lack of field data, however, limits the establishment of reliable empirical relationships. 
Before establishing a new relationship for critical conditions for mass erosion, existing 
theories on the deformation of channels are evaluated and applied to flushing channel 
conditions. 
6.4.2 Direct width-depth relationship (Guan, 1991) 
Guan (1991) proposed an empirical width-depth relationship for modelling of the Fenhe 
Reservoir. Data from 4 cross-sections indicated the relationship: 
with B = bed width of flushing channel 
and H = depth of flushing channel 
This relationship is shown graphically in Figure 6.4-2. 
(6 .4-1) 
When the South African data are combined with the Fenhe reservoir data, the relationship 
shown in Figure 6.4-3 is obtained. 
The South African data consist of the flushing channel data for Welbedacht Reservoir (1991), 
Phalaborwa Barrage (1985, 1993) and Windsor Reservoir (dominant discharge taken as the 
1 in 5 year flood). 
Figure 6.4-3 indicates that the South African reservoir data show more or less the same trend 
as the Chinese reservoir data. Each reservoir has to be considered separately, and even then 
variable discharges/operation can alter the channel geometry. 
The relationship in Figure 6.4-3 is purely empirical, and the B-H correlation is in fact not 
as good as shown graphically in Figures 6.4-2 and 6.4-3, since H is used on both axes. 
More data for a range of discharges are required for each reservoir to obtain a reliable 
empirical relationship of channel width versus depth. 
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6.4.3 Morphometric equations 
Three different types of morphometric equations have been established for rivers (Batuca, 
1986): 
a) empirical (regime type) 
b) semi-empirical (of the Altunin and Velikanov types) 
c) theoretical (variational theory) 
a) Empirical regime equations 
Lacey (1930) derived empirical equations: 
with 
v = 1,17 (fR)0•5 ; A/2 = 3,8 v 2 
p = 2,67 Q0.S 
f = Lacey's silt factor 
(6.4-2) 
lindley (1919) recognized that the type of bank material was an important factor in 
determining regime dimensions . 






Simons and Albertson (1963) supported Blench's view: 
(6.4-3) 
(6.4-4) 
The tractive force theory for stability of non-cohesive sediment was developed by 
Lane (1952), relating shearing force of the fluid on the banks to the geometry of the 
cross-section and the weight of individual particles. Henderson (1963) used the 
theory to derive Lacey's Equation 6.4-2, modified to include particle size. 
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Leopold and Maddock (1953) proposed the relationships: 
A = c •. Q" (6.4-5) 
v = C.,.Qb (6.4-6) 
h - . ch.QC (6.4-7) 
B = cb.Qd (6.4-8) 
with A the cross-section wetted area, B = top width of flow, and Cu Cv, Ch, Cb = 
constants and a, b, c, d = coefficients. 
Calibrated equations with laboratory and field (river) data reveal remarkable 
consistency in the exponents, while the constants (Cu .. ., Cb) depend on the sediment 
characteristics such as particle size (Batuca, 1986) or cohesive ·nature. Typical 
exponent values are given in Table 6.4-1. 




a b c d 
Lacey (1930 - 1948) 
Blench (1957 - 1966) 0,83 0,17 0,33 0,50 River 
Nixen (1959) 
Ribkin (1947) 0,79 0,21 0,22 0,57 River 
Leopold-Maddock (1953) 0,90 0,10 0,40 0,50 River 
Levi-Mostkov (1958) 0,75 - 0,22 0,50 River 
Simons-Albertson (1960) 0,87 0,13 0,36 0,51 River 
Ackers (1964) 0,86 0,15 0,43 0,43 Laboratory; 
theoretical 
Langbein (1964) 0,90 0,10 0,37 0,53 Theoretical 
Batuca (1980, 1981) 0,84 0,16 0,30 0,54 River 
Figure 6.4-4 shows typical width relationships for Romanian rivers. 
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B = 3.25 Qo.51. 
l fine sand J 
B = 1.20 QO.Si, 
l coarse son d 
B: 2.00 aO.Si, 
medium sand 
bonkful discharge ( m3 s-1) 
Figure 6.4-4 Regime morphometric equation calibration 
b) Semi-empirical morphometric equations 
3 5,.10 . 
The hydraulic geometry of stable channels was described by Ghuskov (1926), later 
theoretically justified by Altunin (1947, 1950, 1953): 
Bm/h = k (6.4-9) 
with m = morphological stability of the channel from Orlov's equation (1952): 










1,0 for upper river reach, 
0,54 for mean reach, and 
0,50 for lower reach. 
(6.4-10) 
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The constant k's values range from 1,5 (coarse sediment) to 15, typically 2 to 4 for 
sand beds. 
Velikanov (1954, 1958); using dimensional analysis, proposed a width relationship: 
which calibrated with river data typically gives A1 = 5,6 to 7,3 
and x1 = 0,37 to 0,4 (Batuca, 1986). 
c) "Theoretical" morphometric equations 
(6.4-11) 
Variational concepts in river engineering were first introduced by Velikanov (1958), 
who formulated the principles of minimum dissipation of flow energy during the 
formation of stable channels. 
Hancu (1976) used the principle of maximum sediment transport, while Yang (1980) 
introduced the minimum unit stream power concept to describe stable river cross-
sections and Chang (1980) also used a minimum stream power approach. Chang 
stated that the regime is established when the total stream power yQs
0 
is a 
minimum, subject to constraints. 
"White et al (1982) used a hypothesis of maximization of sediment transport in 
establishing channel regime which they show is equivalent to the approach by Chang. 
No physical justification to support the extremal methods could be found. 
Based on the principle of maximum entropy, Deng (1994) derived a relationship 
which is in good agreement with the statistical mean values of 260 sets of field data: 
By assuming uriit input stream power as the dominant factor in river channel 
formation (Yang, 1972), Deng used: 
(6.4-12) 
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Therefore the increment of (vs) consists of two parts: 








Using the principles of maximum entropy, it was indicated that the self-adjustment 
of vs is equally compensated by the increments of B and H. 
(6.4-16) 
Qian (1987) reports an investigation at 165 gauging stations which found that a 
channel changes all its hydraulic parameters (B, H, s, v) in an even distribution 
among them. 
Substituting Equations 6.4-13 and 6.4-14 into Equation 6.4-17: 
dB l3B dH 
---
dx 9H dx 
and integrating: 
B9/13 
-=k H a1 
similar to the Altunin equation. 
(6.4-17) 
(6 .4-18) 
Simultaneous solution of Equation 6.4-18 and equations of continuity, resistance to 
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If the dominant discharge is known, substitution of Equation 6.4-18 into 
Equation 6.4-19 gives: 
and 
B = kB Q13f2&/J13/S6 (6.4-20) and kB = n13/28 k:s/84 
H = kH Q9f28/J9fs6 (6.4-21) and kH = n 9128 k;3128 
from river data and me = critical bank slope of v-shaped cross-section. 
Substituting Equation 6.4-24 into Equations 6.4-22 and 6.4-23 gives: 
k = (n/k )3/S = [ n r/S 






The primary morphological coefficient (k:0 ) is therefore inversely proportional to the 
roughness n and directly proportional to the bank slope m, also found by Chang 
(1988). 
Deng (1994) verified Equations 6.4-20 and 6.4-21 with Chinese river and reservoir 
data as shown in Figure 6.4-5 and Table 6.4-2. 
Table 6.4-2: Value ranges of parameters used in the verification 
Parameter Range 
Dominant discharge Q(m3/s) 0,0055 - 60000 
Channel slope 1(104 ) 0,04 - 214,67 
Sediment concentration S(k:g/m3) 0,06 - 196,5 
Median diameter d50 of suspended load (mm) 0,0043 - 0,055 
Median bed material size D50 (mm) 1,3 - 175,8 
Roughness n (s/m 113) 0,0061 - 0,0727 
Critical side slope me 0,9 - 12 
Water surface width B (m) 0,40 - 3050 
Mean flow depth H (m) 0,031 - 45 
Mean velocity v (mis) 0,28 - 4,00 
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Figure 6.4-5 Comparison of measured and predicted water surface width 
In a comparison of the accuracy of width formulas by Lacey (1929), Schumm (1969), Chang 
(1983), and the Lacey divergence predictor (Chitale, 1977) with river data, the Lacey 
divergence predictor was found superior (Chitale, 1995). 
Bank stability has been used as a controlling factor in determining river widths. Different 
failure mechanisms can be considered based on soil mechanical principles (!home, 1982). 
The morphometric equations, although seemingly giving accurate predictions, are not based 
on fundamental theory and are highly empirical. Minimization of stream power or 
maximization of sediment transport to predict width-depth ratios have been applied 
successfully, but no theoretical explanations are given why or how these morphological 
changes occur. The applied stream power concept which has been used in this research to 
describe sediment transport and critical conditions for erosion of cohesive and non-cohesive 
sediments, can be used to describe equilibrium channel depths, while the channel width is 
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related to the discharge. The applied power theory provides the answers to why and how the 
river channel deforms in the process of minimization of stream power. 
6.5 Relating flushing channel deformation to sediment and hydraulic characteristics 
6.5.1 General 
The trapezoidal flushing channel found in a number of reservoirs led to the use of soil 
mechanical relationships which can be empirically related to the side slope. Since the 
sediments are mostly of a cohesive nature, it is not possible to relate bank slope directly to 
the angle of repose of particles alone: cohesion also needs to be considered. 
Prediction of the depth of scour for non-cohesive sediments can be related to minimization 
of applied power. The same would apply to cohesive sediments, but the cohesive nature of 
the sediment needs to be considered. It is therefore proposed that the critical shear stress for 
mass erosion on the flushing channel bed is related to cohesion (if applicable) and sediment 
size characteristics. 
To analyse reservoir sediments in order to determine cohesive characteristics, a number of 
·approaches can be followed: 
a) Sediment can be removed from the reservoir bed, placed in a laboratory flume, and 
critical scouring conditions for different flow conditions can be established. It is, 
however, extremely difficult (if not impossible) to accurately simulate the cohesive 
and consolidated sediment conditions found in the field. Several researchers in the 
field of cohesive sediment have shown that repeatability of test results when working 
with cohesive sediments is extremely difficult to obtain. Results can vary by orders 
of magnitude. This is because the cohesion is determined by the flocculation process, 
which is affected by various factors such as duration of deposition, water quality, 
degree of consolidation etc. 
b) Observed conditions critical to mass erosion in the field can be used, which is 
preferred, owing to the many uncertainties involved with cohesive and consolidated 
sediments. 
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c) When trying to relate bank slope and critical mass erosion conditions to sediment 
characteristics, again the approach of using undisturbed field conditions needs to be 
followed as far as possible. Tests can either be carried out directly in the field or 
"undisturbed" samples can be taken to be analysed in the laboratory under simulated 
field conditions using standard geotechnical methods. 
6.5.2 Welbedacht Reservoir bed sediment sampling 
Welbedacht Reservoir was selected for a core sampling exercise due to the regular basin 
surveys that are available, which made planning of the sampling much easier. 
The available methods for field measurements are: 
a) Penetrometer: Measurement of penetration rate, which can be related to 
consolidation. 
b) Vane shear apparatus: From the surface, the sediment can be penetrated to the 
required depth, where the shear vane can be applied to establish the 3-dimensional 
shear stress characteristics. A drawback is, however, that a sediment sample for 
particle size analysis cannot be obtained in the same process. 
c) Selby tube method: From the water surface (fixed float), a pipe is washed down into 
the sediment to the required depth. The Selby tube is then lowered down inside and 
a sample of (say) 500 mm can be taken at the bottom, raised to the surface and sealed 
for later analysis in the laboratory. (Or alternatively a vane shear test can be carried 
out in conjunction with the removal of sediment.) Possible problems related to the 
Selby tube method are: 
• the difficulty of maintaining the same position on the surface and wave action 
also needs to be considered, 
• unconsolidated sediments may drop from the bottom of the tube before 
reaching the surface. 
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d) In situ freezing of sediment: Although often used in the past to determine sediment 
density, it cannot be used to obtain undisturbed samples since the cohesive nature of 
the sediment is altered. 
e) A sediment core can be obtained by mechanical equipment hydraulically driven from 
a fixed float on the surface. This is possibly the best method to use, but there is still 
the possibility that sediments can drop out of the bottom, although core catchers are 
often used. The method is, however, expensive due to the transport of heavy 
equipment and slow manoeuvrability and positioning on the reservoir. 
f) Sediment core obtained by using divers: This approach was found to be the cheapest 
and most efficient method of obtaining sediment cores in this study. The method 
involved the insertion of a PVC pipe into the softer upper layers cif sediment. The 
pipe is then rammed to the required depth by means of an underwater hammer 
mechanism by a diver. The core is lifted by the diver at the bed, assisted from the 
surface. The core is capped as soon as it is raised from the bed. The sediment core 
is, of course, not undisturbed, because of the way in which the core is obtained (most 
methods will cause some disturbance). At Welbedacht Reservoir it was found that 
the pipes could actually be inserted fairly easily, but greater difficulty was 
experienced with the extraction due to cohesion on the pipes. 
Sediment cores (maximum length of pipes 6 m) were taken during 1995 in Welbedacht 
Reservoir. The aim was to obtain bottom sediments from the level of the first flushing (1991) 
in the main channel. From Sections 2 to 8, cores were obtained, one on each bank, of the 
flushing channel and two on the bed, giving 28 cores in total (Figure 6.5-1 and 
Photograph 6.5-1). Laboratory analyses were carried out to relate hydraulic conditions with 
sediment size, cohesion and density. 
During the planning phase of the field sampling programme, many uncertainties as to the 
nature of the sediment at depth made it difficult to decide on a procedure to obtain samples. 
Since the 1991 flushings, more than 2 m of deposits had accumulated on top of the scoured 
bed through which had to be cored. The Council for Geoscience's marine geology unit was 
contracted to conduct the Welbedacht sampling since they had had similar coastal and inland 
experience. 
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Figure 6.5-1 Welbedacht Reservoir basin layout 
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Sediments of low density were encountered in the first 0,5 m of the bed. Lower sediments 
were more consolidated, but layers of sand corresponding to high inflow conditions and/or 
flushing with high intensity were also found. 
Once removed from the reservoir, the cores were sealed and transported to the laboratory 
upright and saturated. 
One major problem with the sediment core sampling was that a significant degree of 
consolidation of the upper sediment was experienced due to cohesion between the pipe and 
the deposits. It is, however, believed that the impact of consolidation during sampling was 
incremented and that the deepest sediments to be sampled were not much influenced by the 
consolidation. When the cores were later opened before testing, it was found that the higher-
density sediments to be tested actually expanded slightly in length as they were removed from 
the pipes, probably reversing the sampling consolidation process somewhat. Sediment 
densities thus obtained are not deemed to be reliable, while it is believed that other variables 
being tested were not significantly influenced by the sampling method. 
The degree of consolidation found during sampling is indicated in Table 6.5-1. 
Table 6.5-1: Depth of pipe insertion and core lengths 
Pipe insertion depth from bed level (m) Sediment core length in pipe (m) 
Reservoir 
Section 
Core position left to right bank 
A B c D A B c D 
2 2,4 3,8 3,3 1,7 1,6 2,1 2,1 1,0 
3 1,5 3,5 3,3 1,9 0,9 1,7 1,7 1,2 
4 2,4 3,8 2,8 1,5 1,5 2,4 1,5 1,1 
5 3,5 4,9 4,7 2,2 1,8 1,8 2,0 1,3 
6 1,9 4,2 4,4 2,3 1,0 2,2 2,4 1,4 
7 3,6 4,3 5,0 3,2 2,3 2,4 2,3 1,6 
8 3,2 4,2 4,1 3,8 1,4 2,5 2,1 1,9 
6.5.3 Relating soil mechanical and hydraulic characteristics to determine critical conditions for 
mass erosion - methodology 
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The bed shear stress (;) is often used as a parameter in describing incipient conditions. 
Rooseboom et al (1982) related the applied power at the bed ( • dv) to mechanical power 
(F.v) as determined in a shear box test (with F = applied force ant'v g,, velocity of shear box 
movement during test). Dry samples obtained from the field were compacted in the shear box 
and the test results could be used to describe when erosion of cohesive soil on steep slopes 
will occur. 
It was thought to conduct similar tests on the reservoir sediment, with a few differences: 
• the sediment sample had to be placed undisturbed in the shear box, which made it 
necessary to build a circular hole inside the usual square box in which the sample 
could be pushed directly from the core pipe, 
• the force applied to the sample had to represent the water and sediment pressure as 
experienced in the field, and 
• the sample had to be analysed under saturated conditions. 
All of the above seemed easy to obtain in the laboratory and the shear box provided the 
horizontal failure mechanism one could expect from a horizontal shear stress acting on the 
bed. In practice, however, it was impossible to carry out the tests due to the fineness of the 
sediment. Since the sediment was saturated, the sediment was squeezed through the tiniest 
of openings of the shear box apparatus when the normal force was applied, and this was 
before the test even started. Smaller weights just to balance the instrument before the test 
also did not work and still led to rapid consolidation of the low density sediment. Eventually 
the shear box test method had to be abandoned and resort had to be taken to triaxial tests . 
Triaxial tests are in fact more accurate than shear box tests, since cell pressures representing 
field pressures can be applied on the sample and the problem experienced with fine sediments 
in the shear box is overcome. The sediment still had to be stiff enough to stand alone in a 
plastic membrane. The biggest drawback of the triaxial test is that failure is not horizontal 
but rather along the weakest shear zone in the sediment, and the duration of a test is normally 
quite long. 
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Instead of relating critical scouring conditions (applied power) to mechanical power as was 
originally envisaged with the shear box tests, it was decided rather to relate it to cohesion (c), 
angle of friction(</>), percentage clay and sediment density of the layer of sediment where the 
1991 flushing channel bed stopped scouring. The same variables could be used in 
establishing a relationship with the bank slopes at each cross-section. 
After a number of trial and error runs on the triaxial instruments, it was decided to follow 
the following testing procedure: 
• Saturated, undrained tests were carried out. 
• Cell pressures representing full reservoir conditions (maximum) and drained 
drawdown conditions (as minimum) and an average pressure were applied. 
• Each core was cut into approximately 30 cm lengths, the part to be tested identified, 
and sealed to be tested as soon as possible after opening. Compaction of the core 
sediment made it difficult to establish exactly how deep the sediment in the pipe to 
be tested is according to the reservoir cross-section surveys. It was, however, 
quickly discovered that the 1991 scoured bed level is overlain by coarse sand of 10 
to 30 cm thickness in the core, and most often the recent deposition above the sand 
lens was of a much less dense nature than that below. 
• As expected, the plastic nature of the clay-silt core, caused a slow change in strength 
during tests and no rapid breakage (as with "normal" soil) was experienced. 
Continuous monitoring was therefore necessary to establish a reliable material 
strength. 
• In combination with the triaxial tests, hand-held vane shear tests were carried out on 
each 30 cm cut of core before it was removed from the pipe. 
The test cell pressures used are indicated in Table 6.5-2. 
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Table 6.5-2: Test cell pressures 
Reservoir Sample Cell Pressure (kPa) Section Maximum Mean Minimum 
2 A 122 81 40 
B 152 107 61 
c 164 117 70 
D 147 102 56 
3 A 116 89 30 
B 162 114 66 
c 158 111 63 
D 127 83 38 
4 A 106 67 27 
B 153 109 64 
c 153 109 64 
D 126 85 44 
5 A 119 82 44 
B 146 106 65 
c 148 107 66 
D 126 89 51 
6 A 104 70 35 
B 131 94 57 
c 130 93 56 
D 103 68 33 
7 A 97 70 42 
B 107 79 50 
c 114 85 56 
D 85 59 33 
8 A 75 56 36 
B 89 69 48 
c 91 70 48 
D 82 61 40 
6.5.4 Discussion of test results : bed shear stress for mass erosion 
Critical scouring conditions for mass erosion in the front-set delta region of Welbedacht 
Reservoir were analysed and a relationship was sought with shear strengths (from triaxial 
tests), percentage clay and density of the sediments. 
Test results are depicted in Table 6.5-3, and include data for channel banks and bed. 
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Dry density T (Observed 
Remarks (Triaxial) (kg/m3) hydraulic) (Pa) 
2A 5 49 S34 -
2B 19 - 1 3S3 7S 
2C 5 - S71 7S 
2D - - - - too soft 
3A 14 19 1 339 -
3B 11 36 1 142 41 
3C s 21 1 202 41 
3D s S6 791 -
4A 11 31 1 000 
-
4B 30 17 1 134 61 
4C - - - - too soft 
4D - - - - too soft 
SA 13 3S 1 OS2 -
SB 11 3S 1 010 25 
SC 8 36 1 030 2S 
SD 43 17 1 286 -
6A 23 20 1 210 -
6B 10 37 1 010 31 
6C 34 16 1 366 31 
6D lS 21 1 28S -
7A 7 29 1 107 -
7B 13 34 1 03S 67 
7C 33 18 1 249 67 
7D 22 20 1 242 
-
SA 10 31 1 03S 
-
SB 41 16 1 31S 53 
SC 14 31 1 090 S3 
SD 35 lS 1 213 
-
The results of Table 6.5-3 clearly indicate a direct relationship between soil mechanical shear 
strength and dry density (Figure 6.5-2), and an inverse relationship with the percentage clay 
in the sample (Figure 6.5-3). 
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The hydraulic bed shear stresses calculated for the 1991 flushing in Welbedacht Reservoir are 
also indicated in Figure 6.3-12 and in Table 6.5-3. 
Correlation between hydraulic and soil mechanical shear stresses, using only reliable triaxial 
data and averaging the bed shear stress data (triaxial) for each cross-section, yielded 
reasonably good results as shown in Figure 6.5-4. The correlation coefficient (r2) is 0,72. 
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Figure 6.5-4 Shear stress correlation: Welbedacht Reservoir 
The data set is too small to draw general conclusions, but the general trend seems to be that 
critical conditions for mass erosion can be related to the soil mechanical shear strength. 
It has already been shown that the critical shear stress also depends on the percentage clay 
and is related also to the density of the sediment (Figures 6.5-2 and 6.5-3). It is therefore 
logical to expect that the shear stress correlation can be improved by also considering clay 
content and sediment density. This is indeed illustrated with the data when considering: 
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T hydralllic = f (T triarW; 11% clay,· dry density) 
and the correlation is shown in Figure 6.5-5 (r2 = 0,79). 
Figure 6.5-5 shows that if a good data base for various reservoir flushing channels can be 
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CALCULATED HYDRAULIC SHEAR STRESS (N/m2) FROM REGRESSION WITH 
TRIAXIAL SHEAR STRENGTH, CLAY CONTENT-1 AND DENSITY OF SEDIMENT 
Figure 6.5-5 Shear stress as function of soil mechanical strength, % clay and density 
What is very interesting from Figure 6.5-5 is that the correlation of hydraulic shear stress 
versus % clay and density gives the same result as when the triaxial shear stress results are 
included. The particle size distribution seems to be the dominant factor in determining the 
degree of consolidation and the soil mechanical shear . stress. Rooseboom et . al (1982) 
observed the same phenomena when shear stress (from shear box tests) could be related to 
the fineness modulus of the material, even though the particles being tested were much 
coarser (fine sand) than reservoir sediments. 
With an adequate hydraulic shear stress versus sediment density and particle size distribution 
data base, the theory can be utilised to determine critical conditions for mass erosion which 
vary with time and space. 
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Figure 6.5-6 Flushing channel bank slope and other variables, Welbedacht Reservoir 
6.5.5 Discussion of test results : prediction of flushing channel bank slopes 
The nature of rapid reservoir drawdown, flushing and associated bank failure seems to 
indicate that the flushing channel bank slopes can be predicted by means of soil mechanical 
relationships. 
Triaxial tests were therefore carried out on bank sediment (at 1991 scoured elevation) in an 
attempt to establish a possible correlation with the bank slope. The relationship between slope 
and shear strength, percentage clay and sediment density is shown in Figure 6.5-6, while the 
slope data are shown in Table 6.5-4. 
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Table 6.5-4: Observed flushing channel bank slopes, Welbedacht Reservoir 















The correlation between side slope and shear strength, % clay and sediment density is poor. 
The only conclusion that can be made is that other factors also played a role in establishing 
the observed bank slopes. These factors may include: 
• the combined effect of flowing water and soil mechanical bank failure, 
• layered deposition of coarse and fine sediment, which may lead to variable slopes, 
• various bank failure mechanisms, which may produce different slopes, and 
• tested samples that may not be representative of sediment eroded during the 1991 
flushing. 
Finally, the effect of the poor correlation in Figure 6.5-6 is illustrated in Figure 6.5-7. 
Although the correlation coefficient (r2) only equals 0,36, the accuracy of prediction of bank 
slope is such that it will over or underestir1~ate the flow area by only + 11 % to - 7 % , when 
considering the extreme data. 
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7. LONG-TERM EQUILIBRIUM SEDIMENTATION CONDITIONS 
7 .1 Introduction 
The theory derived and discussed in Chapters 3 to 6 can now be combined to evaluate their 
joint use to determine long-term equilibrium reservoir sedimentation. Not only sediment 
deposition (storage operation), but also flood flushing with retrogressive erosion have to be 
evaluated in order to make accurate predictions of long-term sedimentation. 
7 .2 Minimization of stream power 
One of the main points of concern in the design of a reservoir is the long-term equil ibrium 
sediment profile which will be reached. Various mathematical models have been developed 
and used in conjunction with physical (and empirical) models to determine such profiles. In 
terms of stream power considerations, a stable sediment profile can be related to a constant 
shear velocity for a specific reservoir. 
Rooseboom (1975) indicated that when alternative modes of flow exist, a fluid will always 
follow that mode that requires the least amount of applied stream power. Since most of the 
power is applied at the bed, only minimization of power at the boundary of flow is 
considered. Minimization of applied stream power at the bed can be expressed 
mathematically (Rooseboom and Marke, 1982): 
. . . ( dv) . . . D fil5S mznzmzze •- a mznzmzze pg s--
dy bed Kk 
(7.2-1) 
Minimization is therefore possible by changing the channel geometry (D, s, k) and/or 
changing the fluid properties (1e) . Under stable conditions, stability as regards sediment 
transport is also reached with x approaching a constant value, therefore: 
(,_dv) = K~(g_Ds~)3_12 dy bed k (7.2-2) 
Applied stream power at the bed of the channel will therefore be a minimum when 
(gDs)312 = minimum. 
k 
(7.2-3) 
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Under stable conditions, k will assume a constant value of JgDs = constant throughout 
the reservoir (Annandale, 1994). 
Under stable conditions, the exchange of sediment particles between fluid and channel 
boundary would also be stable, and by using stream power theory it can be shown 
theoretically and experimentally (Rooseboom 1975,· Yang, 1976) that 
JgDs = constant 
w 
with w = settling velocity of sediment under conditions of incipient motion. 
(7.2-4) 
Assuming a direct relationship between w and k (Graf, 1971), shear velocity is constant 
giving the same relation as Equation 7.2-4. Criteria for minimization of applied power and 
incipient motion therefore yield the same relationship for stable sediment profiles. 
When equilibrium sedimentation is reached in a reservoir, the incoming sediment load equals 
the outgoing sediment load, with no further (net) deposition. In a reservoir operated for 
water and sediment control, the long-term capacity is determined by the flushing channel 
capacity, since flood plain deposits cannot be re-entrained. Normally (except in a gorge type 
reservoir) the flushing channel width is less than the width of the main river (Zhou, 1995). 
7 .3 Proposed reservoir sedimentation model 
Several mathematical models have been developed in the past to simulate reservoir 
sedimentation deposition processes, but only a handful have been designed to simulate 
sluicing/flushing with reservoir water level drawdown (Han, 1973, 1990,· Thomas and 
Prasuhn, 1977,· Cho/let and Cunge, 1980; Sanchez, 1982,· Zhang, Q, 1983,· Pitt and 
Thompson, 1984; Holly and Rahuel, 1990; Yang, 1992; Vasiliev et al, 1993,· Wang, SSY, 
1993; etc). Although most "river" mathematical models can simulate the latter condition, 
which closely relates to river flow conditions, there are factors such as fine sediment 
transport, cohesive sediment deposits, consolidation of the bed, as well as different modes of 
re-entrainment of sediment which all need to be accounted for. 
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For modelling of reservoir sedimentation processes, a model should be able to simulate both 
·short-term (flushing) and long-term deposition events, with non-cohesive and cohesive 
sediments. It should be borne in mind that the "ideal" mathematical model is only as good 
as the theory it is based on. 
The mathematical model MIKE 11 of the Danish Hydraulic Institute has been modified to 
incorporate the theory for reservoir sedimentation processes, which has subsequently been 
calibrated and verified with reservoir data. 
The reservoir flushing model which has been developed has the following characteristics: 
a) One-dimensional (lD) 
One-dimensional models are mostly used in river and reservoir applications around the world, 
although computationally "heavy", two-dimensional (2D) and even 3D models have been 
developed. The main constraints in using a 2D model with sediment transport is often a lack 
of data for calibration of the model, and secondly the uncertainty of the sedimentation 
processes. It is generally believed that modelling with a 2D approach often does not give 
more accurate or reliable results. For flushing application, a lD model should be adequate 
due to the narrow river-like flow conditions which prevail in the narrow channel which is 
formed when reservoir flushing is practised. 
Two-dimensional models can be of specific benefit when considering: 
• deposition outside the main channel across the wide open reservoir basins often 
encountered in South Africa; 
• sediment built up at a specific position in a reservoir, such as at a tunnel intake; and 
• modelling of flushing when sediment transport conditions vary across the main 
channel, as was found at Phalaborwa Barrage. 
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b) St Venant equations for hydrodynamic simulation 
A fully hydrodynamic approach is required to describe the rapidly changing flow and bed 
level conditions during flushing. The model must also be able to simulate the supercritical 
flow conditions which can be encountered during drawdown flushing. Typical outflow 
conditions during flood flushing are indicated in Photograph 7.3-1 as observed at 
Phalaborwa Barrage, 1996. 
Photograph 7 .3-1 Phalaborwa Barrage flood flushing (900m3/s, February 1996) 
c) Sediment transport 
The unit (input) stream power equation (Yang, 1973) was implemented in the MIKE 11 model 
by using user-defined input parameters Mand N in Equation 7.3-1 : 
log(C) = M + N log(~) (7.3-1) 
Stellenbosch University  https://scholar.sun.ac.za
7-5 
with c = sediment concentration (ppm) 
M,N = values defined by user 
v = flow velocity 
s = energy slope 
w, = settling velocity of fraction i. 
Equation 7.3-1 has been calibrated with data from a number of South African reservoirs for 
flood flushing and storage operation conditions, with M = 4,31 and N = 0,343. 
Several other well-known sediment transport equations are also available in the MIKE 11 
model to simulate transport of coarse fractions. 
d) Coupled solution of flow and sediment equations, with sediment continuity 
A coupled solution is required due to the rapidly changing hydrodynamic and sediment 
transport conditions during flushing. 
e) Non-uniform sediment modelling 
It is essential in reservoir modelling that sediment transport calculations are carried out per 
size fraction in order to model the sorting process and related non-cohesive and cohesive 
deposits through the reservoir. 
f) Non-equilibrium sediment transport of fine sediment 
Non-equilibrium transport of fine sediment occurs, which means that transition to saturated 
sediment transport capacity conditions is not instantaneous as for coarser fractions, but a time 
and distance lag is involved. The multifraction model (MIKE 11) which has been developed 
in this study can operate with a traditional equilibrium transport equation for some fractions 
and a non-equilibrium formula for others. 
The non-equilibrium modelling is based on solution of the unsteady advection-dispersion 
equation, with a source/sink term (ss) describing erosion and deposition: 




oc + u oc _ D r, 2c = ss 
ot ox ox2 









distance in direction of flow 
(7.3-2) 
In case of non-cohesive sediments the source/sink term (ss) is represented by: 
ss = (C* - C) 
aT 
(7.3-3) 
with C* the equilibrium sediment transport calculated with a sediment transport 
formula, 
"T" is the time scale defined as settling time (water depth divided by settling 
velocity), 
"a" is a calibration parameter as described in Chapter 3 and can be interpreted 
as a mean (relative) settling depth. In the model implementation, the 
coefficient "a" is different for various given size fractions, for erosion and 
deposition. 
For non-cohesive sediments, incipient motion is determined according to the sediment 
transport model used. For cohesive sediment (fractions) the source/sink term should be 
represented by: 
ss = O 't < -rec (No erosion) (7.3-4) 
ss = E( 't - 't cc) ; 't cc < 't < 't cme (Surface erosion) (7.3-5) 
SS (Mass erosion, no lag) (7.3-6) 
= bed shear stress, 
't cc = critical shear stress for surface erosion, 
'tcme = 
critical shear stress for mass erosion, 
E = erosion rate. 
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g) Calculation of erosion 
The model combines theory for non-cohesive and cohesive sediment to model three cases of 
erosion: cohesive sediment, non-cohesive sediment and a mixture of the two. In the latter 
case, a linear combination of the cohesive and non-cohesive relationship is used. The erosion 
rate, assuming both cohesive and non-cohesive sediment, is calculated, and the actual rate 
determined via linear interpolation. 
For surface erosion, the erosion rate is checked against sediment transport capacity in order 
not to exceed the capacity. Mass erosion modelling is based on the assumption that 
(instantaneous) erosion will take place to satisfy the sediment transport capacity. 
The availability of sediment for erosion is checked. If the calculated erosion rate exceeds the 
available sediment supply, the rate is reduced to reflect the amount of available sediment. 
h) Cross-section deformation 
Solution of the bed continuity equation determines whether erosion or deposition will occur. 
When deposition occurs it is assumed that: 
(7.3-7) 
with dz the change in bed level, a and b input calibration parameters and D the flow depth. 
During erosion phases it is assumed that the cross section will be of a trapezoidal shape 
described by regime type equations (relating width and depth to the discharge). Bank slopes 
of the trapezoid are required as input parameters. The difference between the actual bed level 
and that of the trapezoidal section is integrated to determine what changes are required. 
The following special cases have been identified: 
The trapezoidal section is "smaller" than the actual section : Equation 7.3-7 is used 
for changing the bed level 
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Erosion goes below the original (bedrock) section : increase width if bed is non-
erodible and lower bed if sides are non-erodible; otherwise erosion is limited. 








·20 20 60 100 140 180 220 260 300 340 380 420 
DISTANCE (m) 
Figure 7.3-1 Welbedacht Reservoir flushing channel deformation 
i) Consolidation of sediment 
Modelling of consolidation is important when critical conditions for mass erosion are linked 
to sediment characteristics and density. A consolidation methodology as proposed by 
Miller (1953) which relates sediment density changes with time to reservoir operation and 
sediment characteristics was incorporated in the model, with certain changes: 
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The consolidation constant used by Miller (1953) was calibrated with South African 
reservoir data based on reservoir basin surveys. This was necessary because it was 
found that sedimentation and changing water demands lead to changes in reservoir 
operation patterns in time. 
Erosion and deposition rates are not constant with time, and the integration method 
adopted by Miller had to be changed by incorporating an effective time approach 
which accounts for previous deposits as well as recent changes in the bed surface. 
7 .4 Calibration and verification of the reservoir flushing model (RFM) with South African 
reservoir data 
7.4.1 General 
A number of South African reservoirs have been monitored during flood flush ing events since 
1993 as part of a Water Research Commission project (Basson et al, 1996) . The data for 
Welbedacht Reservoir is used here to calibrate the RFM. Welbedacht Dam 
(Photograph 7.4-1) was completed in 1973 on the Caledon River and is located in a high 
sediment yield region. During the first three years of operation, it had lost 36 million m3 of 
its original 114 million m3 capacity due to sedimentation. By 1991 the full supply capacity 
was only 17 million m3 . 
Photograph 7 .4-1 Welbedacht Dam 
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During 1991 it was decided to use flood flushing in order to regain some of the storage 
capacity. The dam is equipped with five gates, but their elevation is 15 m above the original 
river bed. Two flushings during October 1991 managed to scour a channel with a bed width 
of approximately 50 m, and a longitudinal bed profile as indicated in Figure 7.4-1. During 
subsequent flood flushings during the rainy seasons of 1994 and 1995, additional field data 
was gathered with which the RPM was calibrated and verified. 
7 .4.2 Calibration of the RFM 
The bed shear stress required for mass erosion was determined for two flood flushings during 
October 1991, using a trapezoidal flushing channel profile in the model and the 1991 
sedimentation levels. The scoured bed profile as surveyed in 1992 after the flushings was 
compared with simulated profiles and a critical mass erosion bed shear stress of 80 N/m2 was 
determined. This bed shear stress value agrees with the maximum value as calculated for the 
flushing channel. 
·Unfortunately, sediment transport loads were not measured during the 1991 flushings and the 
model could therefore only be calibrated in terms of bed shear stress to achieve the observed 
scoured bed profile. A sediment transport equation calibrated in this dissertation with existing 
data from a number of South African reservoirs (with flushing and storage operation) was 
used. The observed and calibrated bed profiles are shown in Figure 7.4-1. Observed inflows 
and water levels at the dam, with inflow suspended sediment concentrations based on a 
sediment load-discharge rating curve were used as boundary conditions in the model. The 
surveyed 1991 reservoir bed was used as the starting condition, and calibration was based on 
the surveyed 1992 reservoir bed profile. 
7 .4.3 Verification of the RFM · 
Using exactly the same model setup which had been used to determine shear stresses (1991 
flushings), it was possible to simulate a 1995 flushing at Welbedacht Dam while using as 
input the stream power relationship which had been calibrated with South African reservoir 
data. The simulated curve of cumulative water discharge versus cumulative flushed sediment 
is shown in Figure 7.4-2, and excellent agreement with observed data was obtained. The 









observed and predicted sediment transport versus time relationship is shown in Figure 7.4-3 . 
The RFM prediction reliability has therefore been proven by the 1995 flushing event. 
Although not calibrated for a wide range of flood events , the calibrated model for Welbedacht 
Reservoir might be used to investigate changes in the outlet configuration and operation to 
improve sluicing/flushing efficiency and to predict sustainable long-term equilibrium reservoir 
storage capacities. 
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1 400.00 
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Figure 7.4 - 1 Calibrated and observed flushing channel bed profiles at Welbedacht Reservoir 
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Figure 7.4-2 Welbedacht Reservoir 1995 flushing cumulative mass plot verification of 
sediment transport 
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Figure 7.4-3 Welbedacht Reservoir 1995 flushing verification of sediment transport 
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Using the same model configuration as calibrated and verified in the previous sections, 
simulation of the long-term reservoir capacity which could be achieved through flood flushing 
was carried out with the current outlets (at a high elevation), but also a scenario with 
hypothetical gates located at the original river bed. 
With the estimated 1 in 2 year flood peak discharge at Welbedacht Dam equal to 800 m3/s 
and the present reservoir capacity less than 1 percent of the mean annual runoff, sufficient 
excess water with high erosive power is available for flushing. Taking the dominant inflow 
at 500 m3/s during floods (conservatively low) and inflow suspended sediment concentrations 
based on the sediment load-discharge rating curve, the long-term equilibrium bed profiles 
which have been found by simulation are indicated in Figure 7.4-4. 
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I 
I I I 
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original river elevation 1 390.00 m I 
level with outlets at 1· 
'-+----'---- = 1 374.7m _,.___--"'~-
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Figure 7.4-4 Simulation of long-term equilibrium sedimentation at Welbedacht Reservoir with 
flood flushing and different outlet configurations 




The current high elevation of the outlets prevents retrogressive erosion far upstream from the 
dam. In the scenario with bottom outlets and water level drawdown, flushing will be much 
more efficient. According to Figure 7 .4-4 it looks as if a major part of the original 
114 million m3 reservoir capacity can be restored, but only the flushing channel will be 
scoured down to the original bed level with bottom outlets provided. The flushing channel 
shape determines the long-term storage capacity of the reservoir, and overbank sediment 
deposits will not be resuspended during flushing (unless if flushing duration is long and 
meandering of the flushing channel develops). The long-term equilibrium storage capacities 
simulated with high outlet (current) and bottom outlets, are 10 million m3 and 30 million m3, 
respectively. 
Stellenbosch University  https://scholar.sun.ac.za
8-1 
8. CONCLUSIONS AND RECOMMENDATIONS FOR FURTIIER RESEARCH 
8.1 Conclusions 
The research focussed on the hydraulics of sediment transport through reservoirs . The 
following key results have been obtained from the study: 
• A new total load sediment transport equation was derived based on applied unit 
stream power principles. This relationship was calibrated with laboratory, river and 
reservoir data and its accuracy was found comparable with other often used 
international equations. 
• The sediment transport through reservoirs was found to ·be significantly 
underestimated by any of the well-known sediment transport equations used 
internationally where such equations had been calibrated with flume and/or river data 
only. This explains the unrealistic typical delta formation in the upper reaches with 
almost no transport into the reservoir area as presented by most computer models 
based on such equations. 
• An extensive field reservoir monitoring programme during high flow conditions and 
for operations varying from storage to drawdown flushing made it possible to 
establish a general relationship for sediment transport through reservoirs for South 
African conditions. 
• Non-uniform sediment transport and the sorting process were evaluated with field 
data. 
• A non-equilibrium sediment transport methodology is proposed, which has been 
calibrated with tests carried out in a canal with fine sediments. 
• Re-entrainment of cohesive consolidated sediment was investigated theoretically and 
verified with laboratory data and by sampling bed sediment in the flushing channel 
of Welbedacht Dam. The critical shear stress for mass erosion could be related to 
soil mechanical shear strength, % clay and density of the sediment. 
Stellenbosch University  https://scholar.sun.ac.za
. 
8-2 
• Channel deformation during retrogressive erosion was investigated and a methodology 
for modelling was proposed . 
• A theory for consolidation of sediment based on a combination of two generally used 
methods is proposed, with an allowance for non-constant sediment deposition/erosion 
as would be required in a mathematical model of the process. 
• New methodologies for the hydraulic description of density current movement, 
formation and sediment transport are proposed. For the first time in South Africa, 
data on a density current in a reservoir formed by suspended sediment have been 
obtained, which could be used to verify density current sediment transport. 
• The theory required for modelling of the reservoir sedimentation processes was 
incorporated in the existing lD MIKE 11 river model of the Danish Hydraulic 
Institute. The model was tested, calibrated with field data, verified and simulations 
of structural and/or operational changes were carried out to determine long-term 
equilibrium reservoir sedimentation. 
8.2 Recommendations for further research 
A number of aspects need further investigation. 
• The transport of fine sediments (silt and clay fractions) under uniform equilibrium 
transport conditions needs to be tested in the laboratory in order to calibrate a 
sediment transport equation which can be used in simulating the reservoir 
sedimentation sorting process more accurately. 
• The minimization of stream power hypothesis as proposed in this study to describe 
the formation of a density current needs to be tested in the laboratory with a density 
current formed by suspended sediment. 
• Non-equilibrium sediment transport relationships need to be calibrated for a wider 
range of conditions than could be ·evaluated in this research. 




• The theory as developed and verified in this study should be incorporated in a two 
or three-dimensional mathematical model which can model reservoir drawdown flood 
flushing and sediment deposition processes. 
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